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Abstract
Ambient desorption/ionization techniques (ADI) have drawn significant attention in mass
spectrometric instrumentation development. The analyte classes that are successfully studied by
any ADI mass spectrometry (MS) method strongly depends on how gas-phase ions are generated.
Spray-based techniques may ionize molecules across a wide range of mass-to-charge ratios, but
are commonly used for polar analyte, however, suffers from severe matrix effect. Contrastingly,
methods employing electric (or laser) plasmas are capable of ionization of polar and nonpolar
analytes suffering from less matrix effect, but primarily targeting those with low molecular masses.
Thus far, developments of universal ionization methods, which do not depend on the polarity or
the molecular weight of the analyte, are still of high demand.
A novel technology termed surface acoustic wave nebulization (SAWN) has been
demonstrated as a self-contained ionization source for MS. The coupling of SAWN with corona
discharge (CD) as a novel direct mass-spectrometric method significantly improved ion signals by
up to 4-orders of magnitude obviating the need for modifications of mass spectrometers (e.g.,
adding an ion funnel). Importantly, CD was found to be capable of interacting with the fine droplets
produced by a SAWN device. This combination produces intact molecular ions, and even doubly
charged peptides, demonstrating the potential applicability of SAWN-CD towards real-life
applications involving complex samples. Unfortunately, the complexity of SAWN and its high
cost limited its potential users from accessing such devices. Herein, we reported on an analogous
implementation of CD with an inexpensive ultrasonic nebulizer (USN) based on a commercial
room humidifier demonstrating equivalent performance. We subsequently compared the two
vii

methods of SAWN-CD and USN-CD in a screening application of milk for the detection of two
antibiotic drugs, ciprofloxacin and ampicillin. In addition to the chemical information reflected in
the m/z domain, an automated workflow based on a modified cross-correlation algorithm was
adapted to ideally form extracted categories of ions that are associate with the same chemical
origins.
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Chapter 1 – Introduction
1.1 Mass Spectrometric Analysis
Mass spectrometry (MS) is one of the most sensitive, selective analytical methods.1 Mass
spectrometric analyses require analytes to be first converted into gas-phase ion form. Thereafter,
the ions are separated and detected (cf. Figure 1.1). The component that defines a mass
spectrometer is a mass analyzer, which separates ions that represent analytes based on their massto-charge ratios (i.e. m/z). In a recorded mass spectrum, the m/z values are projected onto the xaxis, which is used to reflect the mass of an ion with respect to a particular charge state. The signal
of an ion peak, which is projected onto the y-axis of a mass spectrum, represents the abundance
that can, thus, be used for analyte quantifications.2 Due to its convenience and sensitivity, mass
spectrometry has been used in numerous fields and applications, including but not limited to
atomic (or elemental) analysis, forensics, proteomics, and environmental sciences.3–6

Figure 1.1 The main components of a mass spectrometer. Note that the mass analyzer and ion
detection are under vacuum. Ionization source does not need to be in a vacuum system.
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The key component in a MS instrument, the mass analyzer, separates ions in either space
(e.g., quadrupole and magnetic sector), time (e.g., time-of-flight), or frequency domain (e.g.,
Orbitrap and Fourier-transform ion cyclotron resonance).7 Essentially, the ion separation in MS
relies upon the interaction between the ions and one (or multiple) external force field(s), e.g.,
electric field and magnetic field. As such, a high vacuum environment (ranging from 10-6 to 10-14
torr 8) is commonly needed in order to minimize ion-gas and ion-ion interactions. Namely, it is
desired to separate the ions with defined force fields; any other interactions, such as collision and
space charge, can clutter either the determination of accurate m/z by broadening an ion peak in a
mass spectrum9 or affect the ion signal by ion scattering.10
The use of MS as a selective and sensitive analytical method stems from its capability for
recognizing features of a specific ion. From a MS perspective, the features are the exact mass and
the chemical structure of an ion. The developments in mass analyzers towards high mass accuracy
enabled inverse computation of elemental compositions (i.e. formula). Some of the high-resolution
mass analyzers can differentiate m/z values smaller than an electron (i.e. 0.0005 Th).8,11 This
operation is often referred to exact mass measurement. Meanwhile, sophisticated design of mass
analyzers allowed structural elucidation by fragmenting ions.12 This approach is referred to tandem
MS, MS/MS, or MSn, depending on the number of stages of mass selection and fragmentation.
The fragments stemming from an ion depends on its structure. For instance, structural isomers,
where they possess the same m/z, can produce signature fragmentation patterns due to different
bonding arrangements.
1.2 Ionization Source.
The nature of a mass-spectrometric analysis is determining the m/z, where the number of
charges carried by an ion is in the denominator. Thus, ionization, which converts neutral analyte
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molecules into their corresponding ions is in a necessary condition, which is accomplished by an
ionization source. Ionization source can be described as a mechanical device that allows an analyte
to be converted into gas-phase ions. Because of the emerging needs for rapid and simple massspectrometric analyses, various ionization methods were employed, which involves different
ionization methods and mechanism.
The fundamental idea of ionization is to break the charge balance of a neutral species. It
can be achieved through many means, such as removing an electron and adding a proton. Early
ionization approaches exploited the advances in particle physics, where energetic particle beam
(e.g., electron beam, α- and β-radiation) can conveniently induce charge onto a neutral species. In
this case, the energy involved in the ionization is quite high, which can break the target species.
Some ionization approaches, termed “hard ionization”, produce more fragment ions or atomic ions
than intact molecular ions.13 Fragments provide structural information, whereas, atomic ions can
be used for elemental analysis. However, molecular interpretation can be difficult because the
target molecules are no longer intact after ionization. It is especially true for fragile biomolecules.
Ideally, the workflow would be first producing intact molecular ions. Subsequently, controlled
fragmentations are induced to obtain more predictable structural elucidations.
Thus far, many ionization approaches are developed to address the emerging issue and
desire, where intact molecular ions are produced during the ionization step minimizing the
production of fragments. These methods are usually referred to “soft” ionization, in contrast to the
“hard” ones as described above. To achieve this goal, the energy involved in ionization is diffused
before reaching a target molecule. For instance, the high energy contained in an electron beam can
be used to ionize an intermediate species, where the fragmentation ratio is not a major concern.
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These charged species can then transfer their charges to a neutral target through collision to
produce molecular ions, which deposit less energy onto a target molecule.
In addition to the energy perspective, ions can be produced in atmospheric environment
prior to entering a mass spectrometer. The use of atmospheric-pressure interface allows the
ionization to occur outside a mass spectrometer. In many cases, that is the ambient condition. This
convenient interface significantly improved the flexibility of MS, where coupling with other
instruments is much easier. However, the open-air nature of atmospheric ionization can result in
complicated mass spectra, where ambient species (background) are often ionized and detected.
The selection of an ionization methods that meets the requirements of a particular analytical
need is quite important. In many scenarios, it is common to couple multiple existing methods, or
even developing new ones to address one specific analytical challenge. In the following section, a
few popular ionization strategies will be discussed.
1.2.1 Reduced-Pressure Ionization Methods
1.2.1.1 Electron Ionization (EI)
Electron Ionization (EI) was the most popular ionization source for mass-spectrometric
analysis prior to the 1980s. Arthur Jeffrey Dempster developed and termed such a method during
World War II.14 EI is suitable for small and thermally stable molecules. However, EI produces
many fragments, and EI is categorized as a “hard” ionization source. EI excites the molecule,
inducing electron ejection ionization and fragmentation (cf. Figure 1.2). Electrons emitted from a
heated filament (commonly tungsten) are accelerated through a 70-V potential difference electric
field to form a continuous electron beam, with which a sample molecular beam is guided to
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intersect. Electrons, carrying kinetic energy (70 eV), transfer part of it to a molecule. This process
results in electron ejection (ionization) to form ions
M + e- (70 eV) → M+ (~5 eV) +2e- (65 eV)

(Eq. 1)

There are about 5 eV excess internal energy in the molecule leads to some fragmentation.
For instance, ~3.7 eV is needed to break a C-C single bond. The ~5-eV excess energy to break
such bonds. Thus, fragmentation can subsequently occur.
However, the use of EI decreases significantly for large molecular weight compounds
(above 400 m/z) because the required thermal desorption of the sample often leads to some degree
of degradation prior to ionizations.

Figure 1.2 Schematic of electron ionization source.

The use of EI, in a conventional fashion, is often coupled to gas chromatography, where
gaseous samples are introduced from the separating column directly into an EI-equipped vacuum
chamber. Meanwhile, solid samples can be directly placed into the vacuum region. Through
thermal desorption, sample vapors can interact with the electron beam to produce ions that
represents the target analytes. However, the “hard” nature of EI is not favored by many modern
5

analytical needs. When intact molecular ions are needed, where intact molecular ions are needed,
EI is not suitable.
1.2.1.2 Chemical Ionization (CI)
To address the demanding need of “soft” ion generation, many alternative approaches in
addition to EI were investigated. One of them focuses on “damping” the kinetic energy associated
with ionizing electron beam. In 1977, Burnaby Munson and Frank H Field introduced chemical
ionization (CI) for the first time.15 The technique adapts the ion source assembly of EI (cf. Figure
1.3), which involves the ionization of a reagent gas at comparatively high pressure (~1 mbar).
Instead of allowing the ionizing electrons interacting with the target molecules, another species is
added. This additional species interacts with the electrons carrying high kinetic energy, resulting
in the formation of ions that is capable of transferring their charges to another molecule that it
collides with. These ions are termed reagent ions. The ionization of an analyte molecule by a
reagent ion occurs in a more chemical fashion comparing to the EI process. The products of such
reactions are intact molecular ions of the analyte and neutral reagent species.

Figure 1.3 Schematic of chemical ionization source.
6

One of the most popular reaction in CI processes is termed proton-transfer reaction (PTR).
Here, the CH5+ is used as an example reagent ion. Because the proton affinity (PA) of CH4 is
extremely low (534.5 kJ mol-1), losing the additional proton to other species that have a higher PA
is favored (e.g., PA of benzene is 746.4 kJ mol-1). Thus, the generalized reaction scheme can be
written as:
CH4⋅H+ + M → CH4 + MH+

( Eq. 2)

The advantage of using CI is not only limited to producing intact molecular ions. The
chemical flexibility can also be revealed when different reagent ions are selected. In general, the
proton donor (e.g., reagent ion) is preferred to have a low PA for PTR-based ionization. If the PA
of a reagent ion is too high, analytes with lower PA cannot be ionized or subsequently detected.
However, from a different perspective, the PA of a reagent ion can be used to rule out the species
that can be ionized if complex samples are used. In this scenario, a mass spectrum of a CI-MS
measurement can contain an additional degree of information in addition to m/z and signal, i.e. PA.
For instance, gas phase ammonia (PA 859 kJ mol-1) can be selectively detected when protonated
ethanol (ethanol PA 776 kJ mol-1) is chosen as the reagent ion, where other volatile organic species
that is introduced simultaneously with ammonia are not ionized.
Until today, many CI processes are still operated under vacuum even though atmosphericpressure CI (APCI) has been gaining increasing attention.16–18 The vacuum controls the gaseous
environment for reagent ion production. In contrast, the background species from APCI can be
quite complicated and varying from place to place due to the inconsistency of air composition,
which will be further discussed in a later section of this work. Additionally, the use of controlled
vacuum also well defines the reagent ion clustering in a thermal dynamic fashion. For instance,
water can be used to generate protonated clusters (H2O)n⋅H+. The ratio between the monomer and
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dimer (denoted by n = 1 and n = 2) can be controlled by tuning the vacuum and water vapor input.
Controlling the clustering obviates many complications involved in the ionization process. For
instance, the protonated water dimer can undergo ligand exchange reaction instead of PTR. The
ligand exchange reaction is no longer a PA-controlled process, but more of a collision-controlled
reaction. In this case, the ionization efficiency can vary quite significantly. In terms of
quantification, the change in ionization efficiency can be detrimental to obtain correct calibration
curves.
1.2.1.3 Matrix-Assisted Laser Desorption Ionization (MALDI)
The idea of using molecular “dampers” to generate reagent ion species or charge donors
preserves the intact ions that represent analytes of interest. Thus far, the EI and CI methods
introduced above are suitable for samples in gas phase commonly. In other words, the samples are
converted into gas phase prior to ionization. EI and CI limit the mass range to small molecules.
This limitation motivates new ionization-source developments for larger molecules, especially for
biomolecular analyses.
Among many ionization methods applicable to big molecules, MALDI addresses the
emerging demands for large molecules as a “soft” approach. In the recent few decades, MALDI
serves an important role in high throughput screening and imaging. Generally, samples can be
dissolved in solvent, and subsequently mixed with an excessive amount of suitable matrix. After
drying and crystallizing with air or nitrogen, a matrix deposits MALDI sample plate can be
obtained. The sample/matrix mixture can be converted to gas phase by a laser beam (e.g., nitrogen
laser at 337 nm). In this process, the matrix absorbs the laser energy, and subsequently desorbs
and ionizes analytes. Figure 1.4 represents the MALDI ion-formation process.
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Figure 1.4 MALDI ion formation process.

Furthermore, this type of approach is suitable for resolving the chemical information that
is distributed on the surface of the MALDI target. With the desires of imaging the chemical
information of a sample from their native environment (e.g., metabolite distribution in a tissue
slice), the desorption and ionization are preferred to be confined at a small region of interest at a
time. By exploiting the optical nature of lasers, focusing the laser beam down to a small regionof-interest can be easily achieved. In this fashion, a relatively big surface of sample can be scanned
with a pattern (e.g., raster.) to reconstruct chemical images.
1.2.2 Atmospheric Pressure Ionization Methods
In the previous parts, the reduced pressure ionization was introduced. In the sense for
general-purpose instrumentation, introducing sample into a chamber and pump it down to required
vacuum condition significantly limits the throughput. This issue is especially pronounced for
bioanalyses through MALDI, where the matrix is applied in laboratory environment. It is much
more convenient to handle and ionize a sample in the open air, where mass spectrometers only
take the ions for determinations. Thus, these demands promoted the developments of atmospheric
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pressure ionization (API) source, where ions are produced at atmospheric pressure or under
ambient condition, and then transfer into mass spectrometer.
A mass spectrometer that can be adapted to an API source is equipped with an atmosphericpressure interface, which is supported by a series of differential pumping stages (Figure 1.5). An
atmospheric-pressure interface is responsible for connecting the large different vacuum pressure
from the ionization source to the mass analyzer without adapting excessive vacuum pumps. In
general, the sample can be either natively gas-phase, or in solid and/ or liquid phases. During the
ionization, solid samples are usually turned into gas-phase through desorption or pyrolysis prior
to ionization. The subsequent ionization of sample vapor is, thus, very similar to gas analysis. In
contrast, the solvent content in liquid samples requires more efficient approach for solvent removal.
For instance, most of the energy for thermally desorbing analyte solution is consumed by
vaporizing solvents. Moreover, it can be extremely difficult to desorb analytes of low vapor
pressure as most biomolecules. Thus, liquid samples are commonly converted into fine and
charged droplets prior to entering a mass spectrometer. However, the vaporization of the solvent
content in the droplets can increases the pressure in the source region. Meanwhile, the JouleThompson effect19 explained that when the liquid enters the vacuum, the solvent droplets freeze
due to supersonic adiabatic expansion. The frozen clusters can trap molecules and prevent them
forming detectable ions, which reduces the instrument sensitivity. In this case, extra heating turned
out to be crucial.
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Figure 1.5 Atmospheric pressure ionization source

1.2.2.1 Electrospray Ionization (ESI)
Electrospray ionization (ESI) is the most widely used API source. It has undergone
impressive growth in the past two decades and became one of the gold-standard ionization sources,
especially when ESI is coupled with liquid chromatography (i.e. LC-MS).20,21 Dole is the first one
who practically developed the ESI method for MS in the 1980s.22–25 Dole also noticed and utilized
that multiple changing phenomenon to modern mass-spectrometric analysis. This phenomenon is
very important for biological samples analysis because mass spectrometer measure m/z and,
therefore, higher molecular weight compounds maybe analyzed with a lower mass range, less
expensive mass spectrometer. The limitation of Dole’s group was that they were not able to detect
the ions of electrosprayed high-molecular-weight polystyrene. It took years of work for Fen group
to show that the analytes of 100-2000 m/z can be analyzed with a properly constructed ESI
interface.22,26 ESI is able to ionize sample directly from a liquid solution by applying a high voltage
(3 to 4 kV) to conductive solutions in the metal or silicon capillary (cf. Figure 1.6). A fine spray
containing charged droplets is generated due to the electric field. Drying gas, heat or both are
employed to accelerate solvent evaporation, termed desolvation. The ionization mechanism is not
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yet certainly understood. One theory is that when the solvent evaporates, the droplet shrinks,
leading to the charge density on the droplet increases. The droplet reaches the point where the
Coulombic repulsion from this electric charge number is greater than its surface tension.
Subsequently, the droplets explode and produce charged ions. Another explanation is that the ions
ejected from the droplets are transported through that known as a “Taylor cone”.27 In either case,
the charged ions/droplets are directly introduced into mass spectrometer via an orifice or a capillary.
ESI is increasing employed to analyze a board range of analytes from many compound classes,
but is known to be particularly suitable for soluble, polar analytes.

Figure 1.6 Mechanism of electrospray ionization source.

Mostly commonly, an ESI source is used with liquid chromatography separations (e.g., LC,
HPLC, uHPLC, etc.). This extra separation step provides an additional dimension to massspectrometric data. But more importantly, the use of LC with ESI significantly improved the
versatility of ESI. One major issue associated with ESI is competitive ionization.28 In a sample
complex, the ones that exhibit higher proton affinities can be ionized with an ESI source, whereas
12

the rest may not be even detected. Thus, the use of LC separates the analytes in a mixture in the
time domain prior to ESI. More specifically, in an LC-ESI-MS configuration, one analyte is being
ionized and determined at time ideally. Unfortunately, the use of LC significantly consumes longer
time. Thus, many approaches have been proposed and applied as complementary methods to ESI,
which will be further discussed.
1.2.2.2 Atmospheric Pressure Chemical Ionization (APCI)
Atmospheric pressure chemical ionization (APCI) has also become an important API
source due to its convenience. Unlike ESI, APCI
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is able to ionize nonpolar or slightly polar

molecules which do not contain any acidic or basic sites. Particularly, the ionization follows the
CI scheme, where an ionization source generates reagent ions that transfer their charges to gaseous
analytes. Comparing to the CI approach, the reagent ions and subsequent charge transfer occurs
under atmospheric condition, usually in the ambient air. Thus, it is more convenient than vacuum
CI. The reagent ions generated from an APCI source stem from the surrounding air. Among
various reagent ions, the most important ones are protonated water clusters ((H2O)n⋅H+) and NO3in positive and negative ionization modes, respectively. With the ease of operating an APCI source
in the ambient air, it is also possible to control the reagent ions by constraining the gas environment.
Thus, particular reagent ions can be specified based on the analytical demand. Importantly, O2+ is
commonly generated with APCI, which can gain an electron from a colliding analyte molecule to
initialize a charge transfer reaction. The presence of oxygen radical cation allows ionization of
non-polar analyte from an APCI source.
The nature of gas-phase reaction associated with APCI methods suggests its capability for
gaseous analyte determination. Meanwhile, many APCI geometries allow liquid sample to be
introduced directly through the ionization source by involving spray techniques for liquid-gas
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conversion. Comparing to ESI-based liquid analyses, the ionization mechanism is entirely different.
A high voltage is applied onto a sharp needle electrode (usually made of stainless steel or tungsten)
to establish and sustain corona discharge, which generates reagent ions (cf. Figure 1.7). The
droplets are evaporated by external heated vaporizer; the gaseous sample are ionized through ionmolecule reactions at atmospheric pressure. Generally, in the positive mode, proton transfer
mechanisms occurs and in the negative mode, either electron transfer or proton abstraction by the
reagent gas occurs. In APCI, multiple charging is typically not observed. This phenomenon is
primarily attributed to charge repulsion, where a positively charged analyte ion repels other proton
donors, for instance.

Figure 1.7 Schematic of atmospheric pressure chemical ionization source.

1.2.2.3 ESI-APCI
Developments in ionization methods has gain a lot of attention in the field of MS. Usually,
spray-based ionization sources favor polar analytes , while plasma-based ionization methods work
better for analysis of small and nonpolar analytes. The combination of ESI and APCI has been
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explored by numerous research groups for different purposes. One major reason for such a
combination is to exploit the chemical flexibility of APCI and its advantage over the ionization
matrix effect. Meanwhile, it has been reported that hybrid ESI and APCI ion source can be suitable
for charge reduction mass spectrometry.30,31 Briefly, ESI generates multiple charge states for a
single species, corona discharge plays a role that creates ions from the bath gas that consists of
medical air (Figure 1.8). The reagent ions react with analyte ions generated by ESI, reducing
charge states. This combination is designed for large volumes of samples and could be combined
with LC system or electrophoresis (e.g., capillary electrophoresis) in real time. Additionally, the
alternating operation of a nano-ESI and APCI, which uses a common API and ion path, has been
employed to exploit ion/ion reaction experiments in a linear ion trap mass spectrometer.32 The
ionization source (cf. Figure 1.9) are used in opposite polarities, where one of the ionization source
is employed to generate analyte ions while the other one is adapted for forming opposite polarity
analytes. This coupling of opposite polarity ion sources is designed for experiments involving
multiply charged ions in reaction with singly changed ions of opposite polarity. Furthermore, a
noncontact nano-ESI/nano-APCI ion source (Figure 1.10) was described that can be achieved to
operate in ESI, APCI, or electrophoretic separation modes.33 The capabilities of this dual
ionization source are achieved by coupling ESI and APCI on a single source, which allowing the
detection of nonpolar organic and polar samples including large biomolecules. ESI couple with
APCI utilized the advantages of individual ionization source and has been employed in many fields
and applications. However, it still relies on extensive sample preparation and labor work.
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Figure 1.8 Schematic diagram of ESI source and corona discharge in the neutralization chamber
(reprinted with permission from ref 30. Copyright 2000, American Chemical society).

Figure 1.9 Schematic diagram of an USN/MC-ES-MS (reprinted with permission from ref 32.
Copyright 2001 American Chemical Society).
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Figure 1.10 Schematic diagram of noncontact nESI/nAPCI platform for the analysis of
homogeneous solutions (reprinted with permission from ref 33. Copyright 2019, American
Chemical Society).

1.2.3 Ambient Ionization Methods.
The invention of ESI and APCI provided an efficient mean to ionize liquid samples at
atmospheric pressure and introduce samples into high-vacuum required by MS. MALDI has also
been moved out of vacuum environments into high pressure source region, which allows the
determinations of analytes that are dispersed in a condensed-phase matrix. These developments
simplify the analyses, improve the ease-of-use, and expanded the sample categories for massspectrometric measures. For atmospheric-pressure MALDI-MS, the samples still needs to be
mixed and co-crystallized with matrices. Therefore, in contrast to analyzing samples as they are,
ESI, MALDI and all the API sources still require extensive sample preparations. To reduce laborintensive works and the increasing demands for instant analyses, a new concept of ambient
desorption/ionization (ADI) MS was introduced. Since the first introduction of ADI-MS with
desorption electrospray ionization (DESI)34 in 2004 and direct analysis in real time (DART)35 in
2005, more than 40 different ADI methods have been reported in the literature in the past two
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decades.1,36 ADI-MS allows the direct analysis in their natural environment or in the open air.
ADI methods typically require little or no sample preparation. Analyte desorption steps
(e.g.,thermal desorption or momentum transfer) often combines with ionization steps, including
ESI, APCI and photo-ionization. There are a large number of potential combinations of desorption
and ionization methods that have been explored.34 Due to the convenience of ADI sources, many
samples can be used as-is or directly be analyzed from their native environment. ADI-sources
exploit the separating nature of MS, where the ions are separated based on their m/z and detected
accordingly. In this fashion, an ADI source is responsible for desorbing analytes from a sample
surface and turn them into gas-phase ions. A mass spectrometer only takes the ions for separation
and detection. Obviating the sample preparation and extensive separation, the throughput of ADIbased approaches is significantly improved comparing to other conventional methods.
1.2.3.1 ESI-based Techniques
ESI is an efficient and successful ionization source which can be used for polar liquid
samples. In ESI-related ambient ionization methods, the ESI spray probe is employed to generate
charged solvent droplets. The droplets collide with and extract the analyte from the surface (Figure
1.11). In theory, desorption and ionization need to be considered separately when a combinedtechniques is used. The desorption mechanisms are very different. For instance, laser desorption
(LD)37 is combined into laser ablation electrospray ionization (LAESI)38, electrospray laser
desorption/ionization (ELDI)39 to release ions from solid phase and then ionized by electrospray.
In extractive electrospray ionization (EESI)40 and fused droplet electrospray (FD-ESI)41, sample
is nebulized by electrospray, ions are generated from the neutral droplets into the charged droplets
due to the solubility differences. In addition, when solid sampling probe (SSP)42 is employed, a
liquid junction can be created in between the probe and the solid surface. Analyte is dissolved and

18

collected by solvent and is introduced to electrospray. Those combined ionization methods are
governed by the ESI mechanism, and generate ESI-like mass spectra.
Desorption electrospray ionization (DESI) is the first widespread ambient ionization source
introduced by Cooks et al. in 2004.33 Briefly, a spray probe points to sample surface and is
connected to a high voltage power supply, similar to an ESI source. Nebulizing dry gas is supplied
to improve charged microdroplet production. Those droplets are aimed at the sample surface, after
collisions, the secondary droplets deflected upward along with desorbed analyte. Samples along
with solvent are introduced into a mass spectrometer. Desorption sonic-spray ionization (DeSSI)
(cf. Figure 1.12) could generate a supersonic cloud of charged droplets, which are able to ionize
commercial drug tablets from the surface.43 Compared to DESI, DeSSI is more convenient and
user- friendly. It requires neither high voltage nor heating in the spray probe. In addition, DeSSIMS is herein proved for the analysis of drug tablets, it is as sensitive as DESI-MS and generates
cleaner mass spectra with less solvent cluster.

Figure 1.11 Schematic of desorption electrospray ionization source.

19

Figure 1.12 Schematic of desorption sonic spray ionization (DeSSI) for (high) voltage-free
ambient mass spectrometry as supplied to drugs in tablets (reprinted with permission from ref 44.
Copyright 2006 John Wiley and Sons)

1.2.3.2 APCI-based Techniques
In addition to the spray-based techniques, plasma-based chemical ionizations have also
been coupled with various desorption methods to generate ions from the surface of different
samples. Chemical ionization involves gas phase reactions between reagent ions and analyte. For
example, in the CI regime termed Penning ionization, where an excited molecule or atom transfers
energy to a molecule to generate a molecular radical cation. Penning ionization45 can produce
radical cations from analyte molecules directly. One famous Penning ionization scheme that has
been reported for many plasma-based ionization sources is achieved by producing helium
metastable (23S He*m), which exhibits an appearance energy of 19.6 eV. Penning ionization is a
form of chemical ionization, the collision between a neutral molecule and a helium metastable
results in precursors that are responsible for chemical ionizations. On the other hand, reagent ions,
such as N2, O2, water or some other solvent vapor, can react with excited state gas molecule by
20

charge-transfer mechanism. Then reagent ions react with the analyte molecule to product ions ,
typically protonated molecules.
In the techniques of APCI-like methods, such as direct analysis in real time (DART)35 (cf.
Figure 1.13), neutral helium metastable species are formed by a corona-to-glow discharge in a gas
chamber at atmospheric pressure. These helium metastable species react with ambient
environment (molecules and water in air) to produce ionic species. The gas-phase ions used as
reagent ions can also be generated by high voltage (e.g., corona discharge) involves. In desorption
atmospheric-pressure photoionization (DAPPI)46, the primary metastable species are formed by
photoionization. In DART, atmospheric pressure solids analysis probe (ASAP)47, desorption
atmospheric-pressure chemical ionization (DAPCI)48 , the electrical plasma are produced by
corona-to-glow discharge. In helium atmospheric-pressure glow discharge (HAPGDI)49 and
plasma assisted desorption/ionization (PADI)50, the helium metastable are produced by glow
discharge. In all these case, diffuse, plasma are sustained by high voltages and low currents.
Corona discharge can be sustained by applying high DC voltages to a sharp electrically conductive
needles.

Figure 1.13 Direct analysis in real time (DART) ionization source.
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Combined desorption step with heated gas is commonly used in APCI-related ambient
ionization methods. In DART, additional heater is employed. In Flowing Atmospheric Pressure
Afterglow (FAPA)50, higher current is used for reaching heating temperature. Moreover, in the
ASAP techniques, a stream of hot nitrogen is used to vaporize the sample and then gases phase
sample can be ionized by corona discharge. However, the coupling of desorption and ionization
steps in the APCI-related techniques makes it hard to figure the sequence in those combination
methods. Similar to CI, APCI-related methods also prefer to ionize non-polar and small polar
analyte. The spectra generated by APCI-based techniques are typically simple and dominated by
singly charged protonated or the radical cations or deprotonated molecule. Normally, multiplycharged ions and alkali-metal-cation adducts are not observed.
1.3 Acoustic Approach for Direct and Improved Ionization
Thus far, many ionization strategies towards gaseous- and condensed-phase analytes are
introduced. However, many analytes are still preferred to be determined in their liquid
environments (e.g., metabolites in cell extracts, peptides in biofluids, etc.). Following the
fundamental routine of a mass-spectrometric analysis that analytes need to be converted into gasphase ions, converting liquid samples into airborne particles (aerosols) is the key step. The most
well-understood methods are based on venturi nebulization and /or electrospray. In fact, either case
relies upon overcoming the surface tension that maintains the liquid in bulk phase. In specific, the
venturi nebulization utilizes turbulent gas flow to perturb the liquid surface, from which small
droplets can be formed. Meanwhile, ESI-like approaches relies upon Rayleigh limit at the Taylor
cone region, which describes the limit of the number of charges that can be present in a charged
droplet before fission occurs.51 In general, the critical part is to introduce additional phase
interfaces (i.e. gas-liquid interface). Comparing to feeding complex liquid samples through a thin
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capillary in the examples given above, Newtonian fluids can be easily converted into fine droplets
through an alternative approach, i.e. ultrasound.52
In most of the cases, ultrasound is generated through solid-state piezoelectric material.
Specifically, piezoelectric material is a special type of substrate that responds to a voltage
difference that is applied across the piezo body. The voltage difference between the two sides of a
piezoelectric material dictates the degree of expansion (or compression) of the piezo body.

53

Essentially, such materials convert electrical potential into mechanical motions. By further
expanding this idea, which applies alternating voltage across a piezoelectric substrate, mechanical
oscillation can be achieved. Ultrasound is commonly produced in this fashion, where a
piezoelectric core was driven at frequencies above 20 kHz. The term, transducer, was thus defined
for piezoelectric material that converts voltage into mechanical oscillation in ultrasonic
frequencies. Pierre and Paul Jacques Curie were the first ones who performed the piezoelectricity
experiments in 1880.54 However, piezoelectricity didn’t gain much attention from the community
until Paul Langevin utilized piezoelectric transducer as submarine sonar in 1915.55 The major issue
with early ultrasound devices fell into its limited output power. The common travelling distance
of a piezoelectric plate (e.g., 5 mm thick) can be as small as several-tens of micrometers at 500-V
potential. As an acoustic source, the loudness of an individual piezoelectric unit is not sufficient.
Thus, it is very common to use stacked transducers and/or couple with a high efficient horn (e.g.
Langevin-type horn). 56
The direction of piezoelectric motion is defined by the voltage gradient. That is, the
expansion/contraction of a piezoelectric substrate can only occur and progress between the
electrodes. Based on the geometry, acoustic wave in solid can be categorized with respect to the
traveling direction (Figure 1.14). Surface acoustic wave (SAW), which only travels along or near
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the surface of the piezoelectric material, bulk acoustic wave (BAW) interacts with the environment
at the perpendicular surface of the material by traveling through it. Various travel direction and
mechanism have different advantages and drawbacks based on their applications.53 The goal of
this introduction is to summarize the acoustic-based ionization source for mass-spectrometric
applications.
1.3.1 Surface Acoustic Wave
Surface acoustic wave (SAW) was first reported by Lord Rayleigh in 1885. However,
Rayleigh waves haven’t show its value until the interdigital transducers (IDTs) was utilized on the
piezoelectric surface in 1965.57 Since then, SAW are widely developed in industrial and medical
fields serving for microfluidics and biosensors. The use of ultrasound to atomize liquid into aerosol
was first investigated by Wood and Loomis, showed that liquids can be atomized on a Langevintype transducer.58 Thereafter, a large number of ultrasonic atomizers were proposed. In 1995,
Kurosawa et al. first utilized SAW for atomization.59 They demonstrated a rapid nebulization
process driven by SAW. In addition, the advantages of SAW versus bulk wave is that it can
oscillate at relatively higher frequencies which means less power consumption.
In general, a SAW device consists at least two pair of IDTs deposited on the piezoelectric
substrate surface (piezoelectric are dielectric crystals, such as LiNbO3);60 SAWs can be
subsequently generated by applying an alternating electrical potential at the resonant frequency.
The subsequent excitation of the piezoelectric material results in mechanical motions, namely
traveling waves, at the surface of a SAW device. The wave property, particularly the “peak” and
“valley”, represents the morphology change on the piezo surface (Figure 1.14).
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Figure 1.14 Surface acoustic wave piezo chip.

1.3.1.1 Surface Acoustic Wave Nebulization Ionization Source
SAW device was proved that it could be used atomizing condensed-liquid phase analyte to
gas phase.61,62 Briefly, by applying a RF signal to an IDT deposited on a piezoelectric, the SAW
travel along the surface and reach a liquid droplet (Figure 1.15). The acoustic energy is then
transferred into the droplet causing it to vibrate. When the amplitude of SAW is sufficiently high,
the applied energy can overcome the surface tension. Droplets can be nebulized into airborne
particles (termed aerosols). The nebulization process involves rapid phase transitions. During this
process, the local inhomogeneity of the solution, particularly the regional ion distribution, results
in unbalanced charge partition on droplets, e.g., some droplets carries more cations than anions
resulting in overall positive charge. Once the desolvation of a droplet is completed, the residual
charge can be attached to an analyte molecule. Namely, analytes can be ionized.

Figure 1.15 Schematic illustration of surface acoustic wave.
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In 2010, surface acoustic wave nebulization (SAWN) was introduced as a novel ionization
source for mass spectrometry by Scott Heron et al. and developed by the laboratories of Goodlett
and others.63 Briefly, the SAW chips were designed with LiNbO3 wafer and coupled with mass
spectrometer (Figure 1.16). The aerosol plume generated by SAWN device was drawn into a mass
spectrometer by pressure difference. This setup shows that SAWN is able to produce similar mass
spectra to ESI for peptide analysis. In 2011, the Go’s group developed a sample delivery and
ionization method by using paper as substrate. In this experiment SAW-MS was used for rapid
analysis of complex mixtures without further sample pretreatment.64 Specifically, the only
operation that is needed is to apply an analyte-containing droplet onto the SAWN surface. Further,
SAWN has proven as a “soft” ionization method, which was verified by lower internal energy
depositions comparing to ESI.65 Specifically, the use of thermometer ions allowed the ionization
energy to be near-directly measured66, which will be discussed in detail in a later chapter of this
work. Briefly, the internal energy that is deposited onto an analyte molecule from SAWN methods
is ~20% softer than that of an ESI. This indicated that SAWN is potentially capable of analyzing
fragile compounds. Meanwhile, SAWN has been implemented to various applications, such as
lipid structure determination67, protein analysis,68 rapid food screening69 and organic explosive
detection70. Although SAWN is able to generate ESI-like mass spectra, the ion signal significantly
lower than that of an ESI by 2-3 orders of magnitudes.63 The reduced ionization efficiency of
SAWN as a stand-alone method can be detrimental towards many applications. For instance, the
charge loss during a tandem MS analysis commonly require a relatively large of ion input, where
SAWN is potentially not suitable for such goals. To address this issue, Yue Huang et al. improved
the performance by upgrade the chip design and also modified the mass spectrometer.68,71 Many
of the approaches that were used to improve the ion detection with SAWN and SAWN-like devices
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are based on improving the ion transmission efficiency on a mass spectrometer. For instance, an
ion funnel can be used in the 1st-stage vacuum.68

Figure 1.16 Coupling SAWN with mass spectrometer.

1.3.2 Bulk Acoustic Wave
In either case of surface acoustic wave (SAW) or bulk acoustic wave (BAW), the
fundamental principle of nebulization is for the liquid to gain energy from an ultrasonic transducer.
The differences between the two approaches is the traveling direction of the acoustic wave. In case
of SAW, a Rayleigh wave (a combination of longitudinal and transverse wave) travels parallel to
the chip surface. If we define the direction of the driving electric field as the reference, the acoustic
energy form a SAW is usually taken perpendicular to the reference direction. Contrastingly, the
acoustic energy irradiated from a BAW device is mostly in-line with the reference direction.
Comparing to a SAW device, BAW device is much simpler, which allows it to be one of the oldest
acoustic wave devices. Compared to SAW, BAW devices have the promise simpler geometry and
significantly lowered cost-of-build.
BAW device consists of a piezoelectric and two metal electrode film (Figure 1.17). Any
piezoelectric substrate can be squeezed between two electrodes. The most commonly used material
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is piezoelectric ceramic (the use of quartz was also reported before). Moreover, quartz disks have
higher temperature tolerance than other materials. When alternating electric field is applied, the
potential difference occurs between two electrode. As a result, there is a shear deformation occurs
on this crystal quartz and the mechanical standing wave oscillation travel across the quartz. The
vibration frequency is dependent upon quartz properties such as size, phase and density in contact
with the crystal surface. 72

Figure 1.17 Bulk acoustic wave nebulization device.

1.3.2.1 Bulk Acoustic Wave assisted Ionization Source.
Similar to SAWN, bulk acoustic wave can also nebulize liquid sample to aerosols. It was
well-known for drug delivery in medical field. Although the acoustic energy transfer from BAW
and SAW are on different axes of sound waves (in-line and perpendicular, respectively), the
resulting phenomenon within liquid bodies remains the same. Essentially, sound wave in a medium
is a longitudinal wave that carries an oscillating pressure gradient along its route. When the
pressure gradient is significant, phase change can occur. This phase transition is known as acoustic
cavitation. When the acoustic frequency reaches ultrasound range, the cavitation induced by such
a type of sound is often referred to ultrasonic cavitation. To produce droplets, the cavitation has to
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occur at the bulk phase boundary; if the cavitation is well contained inside a liquid medium, fine
bubbles will be produced instead of generating aerosols.
Towards mass-spectrometric analyses, the use of BAW for nebulization gained much more
significant attention compared to SAW. A major reason is the device accessibility, where a BAW
device can be easily purchased off-the-shelf. Moreover, SAW devices often has limited power
output due to their geometries. In specific, the electrodes are embedded on the piezoelectric
substates. Not only is the maximal voltage applied between the electrodes are limited by the
breakdown threshold of the base material, but also is the power limited by the number of sub-unit
that can be embedded on a limited space. From this perspective, the BAW offers an improved
flexibility. The power of BAW generator can be easily added by stacking more ultrasonic units.
Moreover, the BAW generator can be easily adapted with Langevin type horns, where the shape
of the horn can tune the spatial distribution of acoustic energy in bulk liquids. These advantages
allowed BAW devices to be investigated more often in analytical applications for analytecontaining droplet production.
Droplet production is particularly important for inductively-coupled plasma (ICP) MS for
elemental analysis. The brief ICP-MS analysis procedure includes: sample nebulization,
excitation/ionization of atomic species stemming from analytes within the ICP torch, and
subsequent optical emission detection or mass-spectrometric measurements. Conventionally, the
droplet generation for ICP-MS are designed base on pneumatic nebulization (or Venturi
nebulization), where a pressure gradient generated by a fast gas steam is used. However, the ICP
torch is very sensitive to the gas composition. Consequently, nearly all ICP-MS instrument
consumes a large amount of argon gas, where majority is “wasted” during the nebulization step.
In later 1990s, the use of ultrasound for nebulization has drawn significant attention due to the
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reasons stated above. Including the field of MS-based analytical chemistry, ultrasonic nebulization
methods were extensively investigated. As an example, ultrasonic nebulizers were adapted into
existing system for solely nebulization for ICP-MS analysis.73–75 Many of these works simply
placed a liquid feeding capillary (e.g., outlet of a liquid-chromatographic instrument) at the surface
of an ultrasonic source. When the acoustic power of the ultrasonic transducer is sufficiently high,
a quasi-continuous plume can be produced. Because the ultrasonic nebulization relies upon the
phase transition within the bulk phase, minimal carrying gas or sheath gas is needed. Compared to
the conventional demand of ca. 20 L min-1 argon flow only for Venturi nebulization, less or close
to 1 L min-1 of argon is needed for transporting the droplets into the ICP torch.
Along with elemental analysis (ICP-MS), the use of BAW was also applied towards
molecular detections and determinations. As previously stated, during the production of airborne
droplets, the regional inhomogeneities within the bulk phase resulted in charge residue on a small
fraction of the aerosols, from which analyte ions can be produced. Early studies involving
ultrasound into ionization step was still following the ESI-MS routine, where ultrasound was used
to assist nebulization in addition to the native droplet production due to the ESI mechanism. Briefly,
ultrasonic transducer were employed for enhancing the nebulization efficiency of analyte eluted
from a liquid chromatography column and then subjecting them to ESI.76,77 Thereafter, other
ultrasound assisted ionization methods were developed. Sonic spray ionization (SSI) was
developed for small organics and drugs. In this case, a solution come from a fused-silica capillary
is sprayed with a sonic gas flow coaxial to the capillary. When an electric field is applied to the
liquid solution in the capillary, charged droplets are produced.78,79 In addition, field-free (i.e.
without additional electric) ultrasonic ionization was also introduced.32,80 A novel technique called
“ultrasonication-assisted spray ionization (UASI)”proved that commercial sonicator operating at
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40 kHz was employed for directing analytes from solution to gas phase.81 In this work, the authors
demonstrated an immersed sample vial in a sono-bath with a feeding capillary. One side of the
capillary was carefully placed inside the vial, where another end of the capillary was modified and
placed in front of the inlet capillary of a mass spectrometer. The position of the capillary inside
the vial was carefully tuned such that the acoustic oscillation within the vial can be transferred
inside the capillary as well. The residual acoustic energy at the outlet end of the capillary was high
enough to cause cavitation. Consequently, the liquid at the capillary outlet was converted into fine
aerosols, which contains analyte and static charges. However, in either case, the acoustic wave
nebulization methods have low ionization efficiency. The signal level is 2 to 3 orders of magnitude
lower than ESI. The combination of acoustic methods with APCI will be discussed.
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Chapter 2 - Instrumentation and Methods
Chapter 2 provides an overview of all instrumentation and experimental methods in detail.
The chapter covers the ionization source design and the conceptions of the three mass
spectrometers used in experiments.
2.1 Ionization Source
2.1.1 SAWN Device
The SAWN electronics (SAWN controller V2.0) and SAWN standing wave chips were
purchased from Deurion LLC (Seattle, WA).
2.1.1.1 SAWN Chip Fabrication
The SAWN chips were designed by Deurion LLC (Seattle, WA). SAW transducer was
patterned with gold electrode on a 128°Y-axis rotated, X-axis propagating single crystal LiNbO3
wafer (Figure 2.1). Gold electrodes can be patterned by using a chrome and Laser Pattern
Generator.1,2 The chip was made up of pairs of interdigitated (IDT) electrodes (40 electrodes with
100 μm spacing and 10 mm aperture here). The chips were designed with a 9.56 MHz operation
frequency.

Figure 2.1 Schematic of surface acoustic chip.
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2.1.1.2 SAWN Operation
The SAWN chips were powered by an electronic controller box. For SAWN operation, 6.5
W of power was applied to the IDTs in continuous mode on the SAWN chip. The interdigitated
transducers (IDTs) generates surface acoustic waves (SAWs) that travel along the surface of the
chip and nebulizer the liquid. Liquid samples is deposited on the LiNbO3 chip continuously or
pulse-wise by using micropipette. The aerosols plume generated by SAWN device containing the
target ions and then the analyte ions are transfered into the vacuum interface of the mass
spectrometer. To prevent contamination, the SAWN chip was cleaned with ethanol before
switching new samples. Before each experiment, a blank solution that does not contain any analyte
was applied on to the chip. The corresponded mass spectra indicated that no residual analyte from
previous analyses were detectable."
2.1.2 Atmospheric Pressure Chemical Ionization
In this study, three APCI and APCI-like sources with different geometries were used: (i)
The primary APCI source described in this work was fashioned from a commercial APCI needle
from Thermo Fisher (Fair Lawn, NJ), where the needle was connected to a high-voltage power
supply (PS350, Stanford Research System, Sunnyvale, CA) in series with a 6-kΩ current limiting
resistor. In addition, a home-made inductor of ~60 μH was connected in series with the resistor
and needle to prevent sudden change of current, namely avoiding arcing. The typical voltage
applied to the corona needle were +3 kV at ca. 1 μA. (ii) The APCI needle was replaced by one
with modified shape but in the same geometry as described above. Instead of conventional needle
tip, a round tungsten bar (Φ =2 mm) with a polished spherical tip was used with same setup. (iii)
Differently, the other APCI source was used to investigate the ionization mechanism. Specifically,
the corona discharge was confined in a quartz discharge chamber with flowing nitrogen (cf. Figure
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2.2). Thus, direct exposure of analytes to the discharge was avoided. The ion exit is a polished
brass-ring (Φ = 6 mm) serving as the ground electrode. The sharpened tungsten electrode of 2-mm
diameter was connected to the same power supply through a current-limiting resistor of 5 MΩ.
The voltage and current applied to the tungsten electrode were +3 kV and ca.7 μA, respectively.
The gas flow rate was controlled by a valved flowmeter (SK-32461-50, Cole Parmer, Vernon Hills,
IL). The flow rate was 0.5 L/min. In addition, the power supply was operated in voltage-limiting
mode for all APCI sources.

Figure 2.2 Image of concealed APCI (left) and round shape tungsten bar (right).

2.1.3 SAWN-APCI-MS Geometry and Parameters
The APCI needle was visually aligned coaxially with the inlet capillary of the mass
spectrometer to simplify component geometry. The distance between the APCI needle and the
mass spectrometer inlet was set at 7 mm. Sample introduction in the form of the nebulization
plume was positioned roughly equidistant between the inlet capillary and the APCI needle (cf.
Figure 2.3). Vertically, the chip was 5 mm below the inlet capillary allowing optimal interactions
between the upward bound analyte-containing aerosols with the APCI source. To achieve a
continuous plume, the peek tubing was placed above the SAWN chip with minimal contact. To
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compare SAWN and SAWN-APCI, all experimental conditions (e.g., solution compositions,
configurations of the mass spectrometer, and positioning) were kept the same.

Figure 2.3 Schematic of SAWN-APCI coupling. The SAWN chip was placed 5 mm below the
inlet capillary. The distance between APCI needle and capillary inlet was 7 mm.

2.1.4 Ultrasonic Nebulizer (USN)
The ultrasonic transducer was obtained by disassembling a commercial humidifier (Brand:
MUJI, model: PD-SD1-CN) and found to employ a piezo with a resonant frequency of 2.5 MHz.
An equivalent piezoelectric device (Eleceram Technology Co., model: NUTD20F2500RSA10/GA10) has been implemented in the literature.3 A detailed circuit diagram and description
of its operation shall be discussed.
2.1.4.1 Circuit Design
Probing of the humidifier’s built-in circuit revealed the piezoelectric device was operated
in an inconsistent, pulsed manner (e.g., ~1 sec “on”, ~1 sec “off”). For a nominal 1-µL droplet as
studied in SAWN, full atomization required ~10 seconds, which was then not readily
accommodated by the natively engineered design of the humidifier. Therefore, a continuous-mode
driver was built in-house (cf. Figure 2.4) to provide better control of the nebulization process
avoiding problems due to inconsistent droplet feeding. In this design, a clock integrated circuit
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(clock-IC) was used to generate a ~2.5 MHz square waveform, which was further fine-tuned to
match the resonance frequency of the piezo with the liquid load. Further, the clock signal was used
to drive a power metal-oxide semiconductor field-effect transistor(MOSFET). To achieve a
sufficient voltage potential (~200 Vp-p) towards nebulization, the humidifier was inductively
coupled to the driving side (left-hand side) of the circuit. The waveform that was actually applied
on the piezo featured high-order harmonics, but the primary frequency was fine-tuned at the clock
to nebulize a water sample with ~10 W power consumption. Because of the presence of the highorder harmonics and overly high voltage beyond the piezo specifications, noticeable heat
generation could be observed up to 60°C depending on the sample and time of continuous
operation. However, as a proof-of-concept study, we did not seek to further improve the circuit’s
design because no ill effects to the ion signal were readily observed. As used, all of the components
were acquired for less than $10 USD.

Figure 2.4 Simplified version of circuit design.

A detailed circuit diagram and description of its operation are discussed (cf. Figure 2.5).
Because the expansion/contraction of the piezoelectric substrate is dictated by the voltage applied
on both sides, the driving signal is inductively coupled through a transformer (denoted as T in the
circuit diagram). The oscillation was generated with a clock integrated circuit (IC, LT1799) set at
2.5 MHz, which is the resonance frequency of the nebulizer. The signal level from the clock source
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was at +5 V at on-state. This signal was further amplified with a MOSFET gate driver IC
(MC34151) to be suitable for the final driving MOSFET, IRF640N. Ideally, the piezoelectric
nebulizer should be driven with a sinusoidal waveform to gain maximal efficiency. In this case,
the use of a square waveform carried this frequency component, which was further voltageamplified at the piezo electrodes. The square driving waveform resulted in noticeable heat
generation at the piezo surface due to the high order harmonics which cannot be efficiently
converted to mechanical oscillation. In this proof-of-concept study, we did not further improve the
circuit efficiency by using class-A or class-AB amplifier. The temperature increment on the
nebulizer surface was not detrimental for the samples used in this study. Towards the analysis of
samples that are temperature-sensitive, the conversion efficiency on the nebulizer may need to be
considered.

Figure 2.5 Home-built ultrasonic nebulizer driver circuit. The part number AJ1748 refers to
testing piezo used in elsewhere. In this study, the piezo was TC4038, driven with the circuit
shown above.
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2.1.5 USN-APCI-MS Geometry and Parameters
As before, the SAWN chip was situated in close proximity to the MS inlet and the
ultrasonic transducer was positioned similarly as a drop-in replacement, shown in Figure 2.6.
For the detection of the antibiotics in the droplet mode of operation, liquid samples were directly
deposited onto the surface of the piezoelectric device as single droplets of 0.5 µL with microliter
pipettes (Transferpette, 10A8402). The APCI source was comprised of the commercial APCI
needle operated with corona discharge of 3 kV at 3 μA. Again, measurements were made with
and without the voltage applied to the APCI needle.
For the thermometer ion studies, the continuous mode of operation was employed for both
the SAW and the ultrasonic nebulizers for comparison to ESI. Sample was supplied onto the
piezoelectric or SAW surface by the MS’s built-in syringe pump at a flow rate of 8 μL/min. The
flow was delivered through PEEK tubing (length ≈ 70 cm, inner diameter = 50 µm) terminating at
the geometric center between the MS inlet and the APCI needle. For comparative measurements,
the same sample flow rate was applied to direct infusion made with the native ESI kept at 4 kV. In
this case, the sheath gas flow rate was maintained at a nominal setting of “6” without additional
heating of the gas.

Figure 2.6 Schematic of Ultrasonic nebulizer-APCI coupling.
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The chapter 5 experimental setup is shown in Figure 2.7 and similar to our previous work.11
To minimize the fluctuations during the nebulization process, the sample droplets were added to
nearly the same spot during each measurement. When the 2-MHz USN was replaced by a 40-kHz
dental scaler, the location at which the nebulization occurred was maintained the same for either
configuration. The relative position between the discharge needle and the inlet capillary of the
mass spectrometer was kept the same throughout this study.

Figure 2.7 Mass-spectrometric experimental setup for the 2-MHz USN

2.2 Mass Spectrometry.
In this study, three mass spectrometers were employed. Commercial linear ion trap MS
( Thermo LTQ XL, Thermo-Fisher Science Inc., San Jose, CA) was employed for SAWN-APCI
study, and LTQ-Orbitrap XL (Thermo Scientific, Bremen, Germany) mass spectrometer was
used for USN-APCI study. A home-built time of flight instrument was also adapted for this
research.
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2.2.1 LTQ Linear Ion Trap
A linear ion trap basically uses a set of quadrupole rods couples with electrodes on each
end to confine ions. This configuration gives the linear ion trap a dual functionality— it can be
used as quadrupole mass filter or ion trap. In SAWN-APCI experiments, all mass spectra were
recorded with a commercial linear ion-trap mass spectrometer (LTQ XL, Thermo Scientific, San
Jose, CA) in positive ion mode. The temperature of the ion-transfer tube was maintained at 255°C
unless otherwise specified. The capillary voltage of LTQ was maintained at 35 V. The ioninjection and acquisition parameters included a maximum injection time of 200 ms and 3
microscans, respectively. For caffeine, the mass range was set to m/z 50 to 350, while analyzing
perylene, the mass range was set to m/z 50 to 500. For peptides, the mass ranges were set based on
the molecular weights of the analytes, which were 200-to-700 for Peptide-1, 200-to-1000 for
Peptide-2 and 200-to-1200 for angiotensin II(H – Asp – Arg - Val - Tyr - Ile - His - Pro - Phe –
OH).
2.2.2 Orbitrap
An orbitrap mass spectrometer consists of an inner spindle-like electrode and an outer
barrel-like electrode. The Orbitrap stores ions in a stable flight path (orbit around the inner spindle)
by balancing their electrostatic attraction by their inertia coming from an RF only trap(e.g., C-trap).
The frequency of the axial motion around the inner electrode is related to the m/z of the ion. In
USN-APCI experiments, all mass spectra were recorded with an LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific, Bremen, Germany) in positive ion mode. In the present work,
both mass analyzers equipped on the instrument were used. In either case, the operating parameters
(e.g., atmospheric-pressure interface, ion optics, etc.) were kept the same. The temperature of the
ion-transfer capillary was maintained at 200°C unless otherwise specified. The capillary voltage
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was maintained at 100 V. The ion-injection time and acquisition parameters were set to 200 ms
and 3 microscans, respectively. The mass ranges on the linear ion trap were set to m/z 75-400 and
m/z 250-400 for thermometer ions (indicates the softness and hardness of the ionization process)
and antibiotic-containing samples, respectively. During milk analyses the mass range on the
Orbitrap was set to m/z 200 to 750. All ion optics were kept consistant between the comparisons.
All mass spectra in chapter 5 were recorded with a high-resolution Orbitrap mass
spectrometer (Thermo Scientific, Germany). To gain adequate temporal resolution, the resolving
power of 10,000 was used to gain a mass-spectral acquisition rate of 10 Hz. The capillary
temperature and 1st-stage collision-induced fragmentation were given in the context. Notably, the
use of 1st-stage CID was for declustering due to the large amount of solvent being introduced along
with the sample.
Two ultrasonic nebulizers were used in this study. They are labeled according to their
operating frequencies throughout this work: i) A piezo nebulizer (diameter 25 mm, 2 MHz
resonance frequency, unknown manufacture) that was originally designed for room humidifiers
was used here for sample-solution nebulization. A similar circuit schematic can be found
elsewhere.11 ii) An ultrasonic dental scaler (with a tip, Woodpecker, Shenzhen, China) with a
resonance frequency of 40 kHz was used as a comparison and alternative mean of nebulization.
Due to the limited power of the 2-MHz nebulizer, the more powerful (ca. 20 W, peak) 40-kHz
nebulizer was able to nebulize samples with high surface tensions (e.g., yeast extract). The uses of
either nebulizer were noted in accordance with the context. Both nebulizers were powered and
controlled with circuits made in-house. The designs of the circuits were optimized for pulse-mode
operation. The schematics of both driver circuits are available upon request.
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The pulse duration was manually controlled. The piezo was activated after the beginning
of mass-spectral recording and remain activated until the sample solution was completely
nebulized. The nebulization of 7 μL of such solutions commonly required an activation period of
2-5 s.
The high voltage required to establish and sustain the CD was supplied by an external
power supply (PS350 5000 V, Stanford Research System, Sunnyvale, CA). Throughout this work,
the power supply was operated in constant-current mode. The typical discharge current and voltage
were 1 μA at ca. 3.5 kV, respectively. A tungsten electrode was made in-house from a Φ = 1.6 mm
rod, which is originally used for tungsten inert gas (TIG) welding. The tip of the electrode was
grinded and polished to ensure the discharge stability.
A Czerny-turner spectrometer (330i, Andor, Belfast, UK) was used to record fluorescence
emission spectra. To collect the fluorescence of the mixture, a 370-nm 1-W light-emitting diode
was used as exaction source towards the nebulizer surface. The fluorescence emission on the piezo
surface was focused and transferred through an optical fiber to the spectrometer.
2.2.3 Tiny ToF
The mass spectrometer used was modified based on a previously described home-built ToF
analyzer, termed TinyToF (cf. Figure 2.8). 4,5 Specifically, the TinyToF operates at high vacuum
(ca. 5x10-7 Torr) that is achievable via one turbo-molecular pump. A 400-uJ Nd:YAG laser of 355
nm was used as the desorption/ionization source. The laser was manually triggered for each
analysis to synchronize with data acquisition instruments. The microchannel plate (MCP) with
charge detector (F4655-13, Hamamatsu, Bridgewater, NJ) was connected to a digital oscilloscope
(Agilent 540820A) to acquire time-domain information. The direct current (DC) coupling between
the charge detector and the oscilloscope enabled semi-quantitative measurement of the ion current.
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The sample rate on the oscilloscope was set to 500 MSa/s in order to obtain adequate time-domain
data-density. By exchanging the charge detector with a phosphor screen, the spatial ion mapping
was achieved. The image sensor was synchronized with laser pulse through a digital delaygenerator and a control circuit (Figure 2.9). Thus, the gate-timing of the image capture was strictly
controlled in a range of 0 to 10 μs (Figure 2.10). To minimize the ion loss during the image capture,
the exposure was set to 15 ms. A monochrome charge-coupled device (CCD) image sensor (FLIR
CM3-U3-13S2M-CS) with a resolution of 1288 x 964(1.3 MP) was used to acquire image data.
Meanwhile, the analog-to-digital converter of the CCD sensor was set to 16-bit for maximal
intensity resolution.

Figure 2.8 TinyToF a) experimental setup, b) schematic of TinyToF proposed adaption for
selective imaging acquisition.
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Figure 2.9 Standard camera external trigger circuit.

Figure 2.10 Schematic of TinyToF timing diagram.

2.3 Software
The theoretical ion-trajectories were calculated with SIMION V8.0, where the
experimental voltages were set based on the computation. The acquired spatial distribution of ions
were fitted and optimized with Matlab v8.5. All data were processed by Origin 2015. Schematics
of SAWN and USN were drawn by solidworks 2015.
The bootstrapping of the gray area (cf. Figure4. 13, Figure 4.15) was calculated based
on the equation shown as follows:
∑𝑖+𝑚
𝑖−𝑚(𝑥𝑗 , 𝑦𝑗 )
(𝑥 , 𝑦′) =
2𝑚 + 1
′

𝑚 ∈ [5, 17] ∩ 𝑚 ∈ 𝑍
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Eq. (3)

where (𝑥 ′ , 𝑦′) is the new element produced by the bootstrapping operation; (𝑥, 𝑦) represents the
elements belong to the dataset; 𝑗 is the index number ranging from index 𝑖 − 𝑚 to 𝑖 + 𝑚.
The bootstrapping algorithm for calculating the shaded area was achieved by Eq. (3). In
general, this bootstrapping method does not change the average of elements that are involved in
calculating an output element. In specific, to calculate a “new” data point from the existing data
set, a random index is selected. Thereafter, a random span-size (i.e. m in Eq.(3)) is generated. The
average (i.e. x in Eq(3)) is then calculated for both dimensions of the original data. Notably, the
data span-size is in the range of 5-17 in this study. The final data size after bootstrapping is 50,000
datapoints.
In chapter 5, To gauge the difference between two chronograms, a modified crosscorrelation approach was used to calculate the discrimination factor,9 which can be described by:
𝐷=

∑|𝕴{𝐶𝑎𝑏 (𝜈)}|
∑|𝓡{𝐶𝑎𝑏 (𝜈)}|

Eq. (4)

where 𝐶𝑎𝑏 (𝜈) is the cross-correlation function in Fourier space; 𝐷 is the discrimination factor that
is a unitless quantity that describes the difference between the two chronograms; 𝕴 and 𝓡 are the
operators to extract the imaginary and real part from the cross-correlation function 𝐶𝑎𝑏 (𝜈) between
two chronograms, respectively. The threshold for the discrimination factor was set to 0.13.9
Namely, if the discrimination factor is smaller than 0.13, the two chronograms can be considered
the same, which should be further categorized together. The automated process for ion
categorization is shown in Figure 2.11.9
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Figure 2.11 Simple workflow of automatic process.

2.4 Chemicals and Sample Preparations-Project 1
Optima LC/MS grade solvents, including methanol (L454-4), water (W7-4) and formic
acid (A117-50) were purchased from Fisher Scientific (Fair Lawn, NJ). A 1-mg/L standard
caffeine-solution was purchased from Acros (Geel, Belgium), which was prepared as
concentrations of 1 g/mL and 10 g/mL in 50:50 (v:v) methanol-water with 0.5% formic acid.
Perylene was purchased from Sigma-Aldrich (St. Louis, Mo) and prepared as a 10 g/mL solution
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in methanol. A standard peptide and protein sample kit (MSCAL1-1KT) was purchased from
Sigma-Aldrich (St. Louis, Mo). Other novel peptides (cf. Figure 2.12) C35H62N6O (C12-Lys-Lys’NH2, termed Peptide-1) and C56H95N9O6 (C16-Lys-Lys’-Lys’-NH2, termed Peptide-2) were kindly
provided by Dr. Jianfeng Cai’s research laboratory (Department of Chemistry, University of South
Florida, Tampa, FL). All peptides were solubilized using methanol:water 50:50 (v:v) with 0.5%
formic acid solution. The angiotensin II was prepared in solutions of five concentrations, i.e. 1, 2,
5, 10, and 20 g/mL, other peptides were prepared as 10 g/mL.

Figure 2.12 Chemical structure of peptides, a) Peptide-2, and b) Peptide-1.

2.5 Chemicals and Sample Preparations-Project 2
Optima LC/MS grade solvents, including methanol (L454-4), water (W7-4), acetonitrile
(A-955-4), formic acid (A117-50) and acetic acid (A113-50) were purchased from Fisher
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Scientific (Fair Lawn, NJ). 1mg/mL caffeine was purchased from Acros (Geel, Belgium), which
was prepared as 1µg/mL solution. Sodium ampicillin was obtained from GoldBio (St. Louis, MO).
Ciprofloxacin was purchased from Fisher Scientific (Fair Lawn, NJ). Milk sample was purchased
from a local store (Horizon Organic, Tampa, FL) and either used as-is or with minimal sample
preparation (described along with results). “Amicon Ultra” centrifugal filters were used for sample
clean up to reduce the accumulation/agglomeration of large protein molecules (e.g., casein) on the
nebulizer surface. For calibration curve studies, concentrations from 100 ppm down to 1 ppb of
the antibiotic drugs were prepared in methanol/acetonitrile/water (50/25/25) with 0.5 % formic
acid and the solutions were used to dilute milk samples in a 1:1 ratio prior to deposition in a droplet.
All necessary reagents and solvents for the synthetic use were obtained from SigmaAldrich Co (St. Louis, MO). The 4-nitro-benzylpyridinium (BzPy) salt was synthesized with
reactions performed under an argon atmosphere as described in Figure 2.13 from the literature.70
Briefly, 4-nitrobenzylchloride was refluxed in excess of pyridine (1.2 molar equivalents) in dry
acetonitrile and stirred using a magnetic bar. Reactions were performed at room temperature
(~25°C) overnight. After the reaction, diethyl ether (CAS 60-29-7) was added to precipitate the
BzPy salts. Solid BzPy was collected by vacuum rotary evaporation at 35°C. The BzPy was further
confirmed with proton nuclear magnetic resonance spectroscopy (1H-NMR). The 1H-NMR
spectrum with peak assignments of 4-nitro-BzPy can be found in Figure 2.14. The test solution of
4-nitro-BzPy was prepared at 4 mg/L by dissolving in a water: methanol mixture (1:1 vol/vol).

Figure 2.13 Synthesis of a substituted benzylpyridinium salt.
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Figure 2.14 1H-NMR Spectrum of the 4-nitro-BzPy with peak assignment

2.6 Chemicals and Sample Preparations-Project 3
Solid samples of L-lysine, L-arginine, caffeine, ferrocene and anthracene were purchased
from Sigma-Aldrich (Stenheim, Germany), and were prepared into 1600-ppm stock solutions with
a solvent mixture termed blank solution. The blank solution contained acetonitrile, methanol and
water (all HPLC grade, Fisher Chemical, Fair Lawn, NJ) in a volumetric ratio of 50:25:25. Two
peptide stock solutions (CEF Control peptide 10 and 12, Anaspec, CA) were also prepared with
the same blank solution into 0.1 ppm stock solutions. The analyte concentrations used in all
experiments can be found in Table 2.1. Dry yeast was purchased from a local grocery store
(Kaufland, Berlin, Germany). Yeast of 10.1 mg was incubated in aqueous starch (Küchenmeister,
Soest, Germanz) solution for 30 min. Thereafter, the metabolomes were extracted by adding
methanol to a final volumetric ratio of 67%. Then the solution was sonicated for 5 min. After
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centrifuge for 5 min at 10’000 rpm (ca. 2200G), the supernatant solution was vacuum dried for 4
h at 1 mbar to increase the concentration by a factor of ca. 3. The graphic extraction procedure can
be found in Figure 2.15. Note: The metabolome recovery or degradation was not a concern in this
study. This sample was only used to evaluate the capability of the USN-CD platform towards
potential applications.
Table 2.1 List of analytes and their concentrations as sample mixtures.
Name

Formula/Sequence

Concentration (µM)

Caffeine

C8H10N4O2

7.29

L-Arginine

C6H14N4O2

26.4

L-Lysine

C6H14N2O2

12.1

Ferrocene

C10H10Fe

30.9

Anthracene

C14H10

15.5

CEF-10

ILRGSVAHK

5.52×10-3

CEF-12

RLRAEAQVK

4.40×10-3

Figure 2.15 Yeast metabolite extraction procedure.
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In addition to the samples for mass-spectrometric investigations, a mixture of fluorescent
dyes was prepared into a mixture for optical emission spectroscopy. The rhodamine-B and
fluorescein (both were purchased from Sigma-Aldrich, (Stenheim, Germany) were dissolved in
methanol and acetonitrile mixture of 50:50 (v:v) into 10 mM concentration for both.
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Chapter 3 - Surface Acoustic Wave Nebulization with Atmospheric-Pressure Chemical
Ionization for Enhanced Ion Signal
3.1 Introduction
Over the past two decades, ambient desorption/ionization techniques have drawn
significant attention in mass-spectrometric instrumentation development,6,7 spawning various
commercial products. In 2004, Cooks et al.8 introduced the term, ambient desorption/ionization
mass spectrometry (ADI-MS), which described methods that provide direct desorption/ionization
of analytes with minimal sample preparation in an ambient environment. Spray-based approaches
including desorption electrospray ionization (DESI) use electrically charged droplets to
desorb/ionize analyte of interest from surfaces.8 Plasma-based approaches, including the
commercially available ones such as direct analysis in real time (DART), typically achieve thermal
desorption of analytes and subsequent ionization through ion-molecular interactions.9 However,
the types of compounds that are suitable to be analyzed by each individual method can be
limited.6,10 For instance, spray-based techniques may ionize molecules across a wide range of
mass-to-charge ratios (m/z), but are commonly used for moderately to highly polar analytes.10 In
contrast, methods employing electrical plasmas (e.g., flowing atmospheric-pressure afterglow
(FAPA) and DART) are capable of ionizing polar and non-polar analytes but primarily for those
with low molecular masses.6,11,12 Thus far, developments of universal ionization methods, which
do not depend on the polarity or the molecular weight of the analyte, still remain challenging for
ADI-MS.
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In ADI-MS, efficient conversion of non-volatiles from condensed- to gas-phase can be
complicated for ionization sources with intimately coupled desorption mechanisms. Commonly, a
peripheral heater is implemented to promote thermal desorption13 but competing processes of
thermal decomposition can severely limit the mass range for intact molecular ions.11,14 Alternative
desorption methods such as drop-on-demand15 and laser ablation16 prove to be especially useful
for analytes with very low vapor pressures.17 Such options helped to avoid high desorption
temperatures, which facilitate decomposition.
A novel technology termed surface acoustic wave nebulization (SAWN) had been
demonstrated for liquid sample preparation from microfluidics.18,19 Specifically for
desorption/atomization and as a self-contained ionization source in mass spectrometry, SAWN was
pioneered by the labs of Goodlett20–22,1,23 and others.24,25 Briefly, the surface acoustic wave is
generated through the electrodes embedded onto a dielectric chip, on which a liquid sample droplet
is maintained. The acoustic energy transferred to the droplet overcomes its surface tension leading
to atomization.18,24 During the atomization, fine particles are produced, where a small fraction of
them are charged speculatively due to microscopic fluctuations in the bulk liquid.26,27 Such a
nebulization/ionization process has been applied to polar and non-polar analytes, such as peptides
and lipids.2,28 Although SAWN is capable of generating ESI-like mass spectra, ion signal from a
SAWN is commonly 2-3 orders of magnitude lower than that with an ESI,28 limits SAWN’s
applications. However, the simple geometry of SAWN devices allows potentially attractive
combinations with other ionization techniques to potentially improve overall ionization efficiency.
Therefore, in the present work, we sought to couple a SAWN device with an APCI source
to enhance the ionization efficiency compared to conventional SAWN. Under atmospheric
conditions, a corona discharge is formed at the tip of an APCI needle when a high voltage is
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applied.29 Reagent ions (e.g., (H2O)n⋅H+, O2+, NO3-, etc.), which are produced by the corona
discharge in air,30 ionize analytes through various reaction schemes. For instance, protonated water
clusters promote ionization by proton transfer reactions,31 which results in mass spectra containing
the pseudo-molecular ion in protonated form, MH+. Meanwhile, O2+ is capable of ionizing nonpolar analyte through charge-transfer reactions, which would result in the formation of molecular
ions, M+·.32 In addition, free electrons in the very-near proximity of the plasma region also allow
molecular ionization through processes such as electron capture.33,34 Therefore, we implement
SAWN primarily as a desorption process to softly convert liquid samples to airborne baremolecules (vapor) and fine particles (i.e. aerosols). Further addition of an APCI needle serves the
distinct role of an ionization source, where the ionizations of analyte vapor and analyte-containing
aerosols are promoted. Herein, we report that the coupling of APCI with SAWN improves the
ionization efficiency for both polar and nonpolar molecules, such as caffeine and perylene, as well
as species of high molar masses such as peptides. Compared to SAWN alone, typical ion-signal
was enhanced up to four orders of magnitude, leading to comparable ion signals from an ESI
source.
3.2 Results and Discussion.
3.2.1 Assessing Inlet-temperature Dependency.
In previous reports, the ion signal obtained through SAWN has been known to exhibit large
variations over time compared to ESI.2 Before coupling with APCI, the operating parameters of
the SAWN device were optimized including contact angles, distance to the inlet capillary, flow
rate, solvent composition, and inlet-capillary temperature. Because we ultimately seek out both
neutrals and charged droplets produced by the SAWN, the effects of ion signal depending on the
temperature of the ion-inlet capillary in particular was carefully investigated.35,36 Specifically, a
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single droplet of caffeine solution (10 g/mL) was placed onto the SAWN chip for each individual
temperature measurement. In this manner, the ion signal of caffeine with respect to the inlet
capillary temperature was recorded and is presented in Figure 3.2. Between 150 to 300˚C, we
determined an optimal inlet-capillary temperature at 255˚C, at which the maximal protonated ion
signal for caffeine was found. Presumably, with increasing temperature up to ~250 ˚C, passive
heating facilitates particle desolvation. Charged droplets hence evaporate down-to ions, even if
they are not pre-formed in solution. Meanwhile, at temperatures above ~250 ˚C, the ion signal
decreases, which could be attributed to thermal decomposition and/or collision-induced charge
losses.

Figure 3.1 Temperature dependence of caffeine ion-signal at m/z 195.1. Each point on this
figure was extracted with an m/z range from 194.6 to 195.6. The signal variation was later
assessed through the extracted ion chronogram corresponding to this range.

3.2.2 Enhancements in Ion Signals for Polar and Non-polar Analytes.
In Figure 3.2, subsequent comparisons between SAWN alone and SAWN-APCI were
performed with a caffeine solution of 1 g/mL with a continuous liquid feeding at a flow rate of 8
L/min. While manually engaging and disengaging the high voltage that was applied onto the
APCI needle, significant signal enhancement of protonated caffeine (m/z 195.1) was observed (cf.
Figure 3.2a). With APCI activated, the caffeine signal suggests that, by leveraging the abundant
neutrals, overall ionization efficiency was increased by three orders of magnitude. In a control
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experiment, a droplet of the same caffeine sample was directly exposed to the APCI needle without
activating the SAWN; caffeine was not detected, as expected. Relying on surface evaporation alone,
caffeine’s low vapor pressure of 1.2×10-9 bar 37 limits its detection with the APCI needle near the
bulk solution. Thus, the SAWN clearly contributed to the desorption process while coupling with
APCI.
Upon closer inspection of the mass spectra for SAWN alone (cf. Figure 3.2b), the
protonated molecular ion is barely discernible at this concentration. Notably, the base peak (m/z
216.8) is likely the sodium adduct of caffeine. By contrast, the mass spectrum recorded with the
SAWN-APCI was found highly similar to that with an ESI source (cf. Figure 3.3a). Specifically,
no sodium adduct was detected with the conventional ESI source. In Figure 3.2c, the SAWN-APCI
clearly favors the formation of the protonated caffeine, where the base peak within the mass
spectrum corresponds to MH+ at m/z 195.1. Notably, the sodium adduct is not observed with APCI.
In this example, we calculate the signal to noise ratio for this same sample to go from ~ 220 to
~1730 for the base peak in each spectrum by implementing APCI.

Figure 3.2 Ion chronograms and time-averaged mass spectra of caffeine. a) Signal response of
caffeine (m/z 195.1) to APCI activation (extracted ion chromatogram). SAWN was continuously
applied, while APCI was manually switched on and off. Note that the chronogram is smoothed.
b) Time-averaged mass spectrum of caffeine with b) APCI “off”, and c) with APCI “on”.
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Figure 3.3 Caffeine mass spectra obtained with an ESI source: a) Caffeine mass spectrum, and b)
Caffeine tandem mass spectrum.
In addition to polar analytes, APCI allows the ionization of non-polar species. Thus, the
SAWN-APCI approach was tested with a compound of low polarity. Molecular ions of perylene,
a polycyclic aromatic hydrocarbon, were produced and detected from solution using SAWN alone
as shown in Figure 3.4a. Unlike caffeine, for which protonated ions were the major species, the
mass spectrum of perylene with SAWN was dominated by singly charged perylene M+· at m/z
252.0. The signal is sufficient to also exhibit the expected 13C-isotopic peak at m/z 253.0 (Figure
3.5). For the mass spectrum obtained with SAWN-APCI, the M+· was below background level,
while MH+ (m/z 253.1) was clearly observed. Instead of a charge transfer mechanism in which
M+· is commonly produced, the ionization regime was likely dominated by processes such as
proton transfer to produce the MH+.38
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Figure 3.4 Perylene mass spectra a) with APCI off, and b) with APCI on.

Figure 3.5 Comparison between perylene mass spectra. The measured perylene mass spectrum
from SAWN was shown on the positive axis in red trace. The simulated molecular perylene, M+,
mass spectrum was shown on the negative axis in blue.
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3.2.3 Towards Applications: SAWN-APCI for Large Molecules.
To investigate the enhancement effect on molecules with larger mass, we used peptides as
model analytes to demonstrate the capabilities of the SAWN-APCI approach. In terms of peptide
and protein analysis through SAWN-MS,1 it has been shown that biomolecules, such as proteins,
are not denatured by the SAWN method due to the high acoustic frequency, which prevents
cavitation and sheer degradation.18 However, due to the low ionization efficiency of SAWN itself,
the addition of an ion funnel was needed to compensate for the overall poor sensitivity.1 Here,
SAWN-APCI was implemented to analyze peptide samples without an ion funnel. The sample of
angiotensin II (monoisotopic mass of 1046.2 g mol-1) was analyzed to assess the SAWN-APCI
ionization approach. The mass spectrum of angiotensin II (cf. Figure 3.6) from SAWN and SAWNAPCI contained a base peak corresponding to [M+2H]2+. Notably, for peptide analyses, APCI
produces singly charged analyte ions with low ionization efficiency;39 it is not known to produce
any multiply charged analyte ions.40 The APCI activation led to the ion-signal enhancement for
both [M+2H]2+ and MH+ by four-orders of magnitude compared to SAWN alone. In addition, the
ion signal of doubly charged angiotensin II at m/z 524.4 was comparable to that with a conventional
ESI source (within one-order of magnitude). We quantitatively assessed the SAWN-APCI
approach from 1 – 20 g/mL in Figure 3.7 and observe excellent signal down to the lowest
concentration studied (1 g/mL).
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Signal Intensity of m/z 524.42

Figure 3.6 Mass spectra of angiotensin II with a) APCI off, and b) APCI on with 10.0 g/mL
solution.
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Figure 3.7 Calibration curve for the analysis of Angiotensin II with the ion peak at m/z 524.42 in
the range of 1 to 20 ug/mL.
When the same solution was analyzed with an ESI source, only [M+2H]2+ was detected
without MH+. Such evidence suggests that alternative mechanisms for droplet ionization and
desolvation may be at play, distinct from ESI. Following this, two synthetic peptides were
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investigated for their charge-state distributions and enhancement effects. Their structures can be
found in Figure 3.8.
A synthetic peptide (Figure 2.10) featuring two basic lysines (C35H62N6O4, monoisotopic
mass of 630.5 g mol-1, termed Peptide-1) was tested with SAWN and SAWN-APCI approaches.
The resulting mass spectrum obtained with SAWN (cf. Figure 3.8a) showed singly and doubly
charged analyte ions. Specifically, the singly charged analyte ion was 25% of the doubly charged.
With APCI activation, ion signals of both MH+ and [M+2H]2+ increased by almost four-orders of
magnitude (cf. Figure 3.8b) without changing the charge-state distribution.

Figure 3.8 Mass spectra of Peptide-1 C35H62N6O4 (monoisotopic mass 630.5), a) with APCI off,
and b) with APCI on.
A higher mass peptide (C56H95N9O6, monoisotopic mass of 989.7 g mol-1, termed Peptide2, Figure 2.10) incorporating three lysines, was also tested. Similarly, the ion signals of [M+2H]2+
and MH+ corresponding to Peptide-2 increased by three-orders of magnitude (cf. Figure.3.9), when
the APCI was activated. In this case, the singly protonated ion is 10% of the doubly protonated.
Notably, with the third lysine as a site for protonation, little [M+3H]3+ is observed in the lower
mass range (Figure 3.10). Peptide-2 possesses three lysine, which offers three proton-binding sites.
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However, careful inspections of the SAWN-APCI mass spectrum for Peptide-2 did not suggest the
presence of triply charged ions (cf. Figure 3.10b). The simulated triply protonated Peptide-2
exhibits an ion peak at m/z 331.1. Although one ion peak was detected at m/z 331.4 in the SAWNAPCI mass spectrum, the relation between the three peaks within this series (cf. Figure 3.10, black
arrows) suggested this peak is likely stemming from other chemical species.

Figure 3.9 Mass spectra of Peptide-2 C55H95N9O6 (monoisotopic mass 989.7 g mol-1) with APCI
a) off and b) on.

Figure 3.10 Confirmation of triply charged Peptide-2. a) SAWN-APCI mass spectrum of
Peptide-2, and b) is the zoomed view in the m/z range of 290 to 370. The positive axis is the
recorded mass spectrum with SAWN-APCI for Peptide-2 in red, and the simulated triply charged
Peptide-2 is shown with respect to the negative axis in blue.
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3.3.4 Proposed Mechanism of SAWN-APCI Enhancement.
The performance of SAWN as a sample introduction mechanism strongly depends on
further investigation into its nebulization behavior. Thus, to further elucidate the mechanism of the
enhanced ionization efficiency observed in this study, we theoretically calculated the mean particle
diameter produced by the SAWN device used in our present work. The caffeine being dissolved in
a methanol-water mixture of 50:50 volumetric ratio, the surface tension of the mixture was
calculated with41
Eq. (4)

𝜎 = 𝑦𝑎 𝜎𝑎 + 𝑦𝑏 𝜎𝑏

where 𝑦𝑎 and 𝑦𝑏 are the fraction of component a and b, respectively, 𝜎𝑎 and 𝜎𝑏 are the surface
tension of the pure component solvents. Note that the changes in surface tension induced by
dissolving caffeine was neglected to simplify the calculation. The mean particle diameter was then
calculated according to the laboratory temperature, i.e. 25°C, with42
1

𝑑𝑚𝑒𝑎𝑛

8𝜋𝜎 3
= 𝜅 ⋅ 𝜆 = 𝜅 ⋅ ( 2)
𝜌𝑓

Eq. (5)

where 𝑑𝑚𝑒𝑎𝑛 is the mean particle/aerosol diameter, κ is an empirically noted proportionality
constant of 0.34,43 σ is the surface tension of the bulk solution, ρ is the density, where 0.787 g/mL
was used,44 and 𝑓 is the frequency of the SAW, which is 9.56 MHz.42 The mean particle diameter
was determined to be ca. 300 nm. As noted by Lang, the initial particle size distribution of
ultrasonically generated particles is not considered monodisperse and the vast majority (>90%)
exhibit particle sizes less than twice the calculated, theoretical mean diameter.43 For a nominally
similar ultrasonic nebulizer operating at 9.6 MHz, Kurosawa estimates that less than five in every
thousand solvent molecules is efficiently converted into the particulate phase.42 This phenomenon
may be explained by the Kelvin curvature effect45 which relates higher vapor pressures with
diminishing particle size and is particularly relevant to sub-micron particles.46 By extension, the
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estimated majority of the small particles we initially generate occur across a critical region, in the
form of a line, between favorable evaporation and favorable coagulation/growth conditions. We
then infer that, through efficient solvent evaporation, we observe very effective desorption of our
neutral analytes through SAWN.
Nonetheless, particles of these sizes may still contain a significant number of molecules of
analyte and solvent. With the presence of a strong electric field induced by the APCI needle,
electrospray may occur on individual droplets during its transportation towards the inlet of the
mass spectrometer. This phenomenon has been reported as in-flight electrospray.47 Verifying that
the corona discharge at the APCI needle is key to ion-signal enhancement, the APCI source was
modified. Instead of the conventional needle tip, a round tungsten bar (Φ =2 mm) with a polished
spherical-tip was used to avoid the formation of corona discharge.48 If in-flight electrospray on the
micro droplets is the mechanism of ion signal enhancement, the removal of the corona discharge
should not affect the enhancement. In fact, no enhancement was observed without the presence of
the corona plasma. In addition, the number of charged droplets that were formed during the rapid
atomization26,27,49 was negligible compared to those induced by APCI. Thus, the enhancement of
ionization can only be the result of the corona discharge and/or the reagent ions.
To further deduce the mechanism of enhanced ionization, we prevented direct exposure of
the analyte-containing aerosols to the corona discharge by isolating the APCI plasma in a
concealed chamber (cf. Figure 3.13). The corona discharge was established in an ionization source
similar to the geometry of a DART and FAPA, where a pin anode and a ring cathode were used.50
Instead of using conventional helium as the discharge gas, we used nitrogen to sustain a corona
plasma and guide the reagent ion species to exit the chamber. Unlike helium, which possesses a
much lower density relative to air, the stream of nitrogen minimized the aerodynamic perturbation
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when the aerosols contact the reagent ions.51 To produce a comparable and steady reagent ion
signal, the concealed source was operated in current-controlled mode with a discharge current of
7 μA at ca. 3 kV. To minimize the distortion from the ion plume generated by SAWN via the gas
stream at the exit of the ionization source, a hole of Φ = 6.00 mm was drilled and reamed to achieve
a flow rate of 0.5 L/min. In contrast to a DART or FAPA source, the gas velocity of this source is
~3×10-4 m s-1, whereas the other sources are ~3 m s-1.

13,50

The combination of the concealed

ionization source with SAWN resulted in signal enhancements of the protonated ion (MH+, m/z
195.1) of caffeine by 9.8×101. Compared to the APCI with an exposed needle that provided
1.4×103 signal increment, this concealed APCI exhibited less ionization enhancement. This
reduction may be related to the change of the geometry of the setup. Specifically, the SAWN-chip
was placed further upstream of the MS inlet due to the size of the concealed ionization source.
Even so, our observations support the idea that the reagent ions comprise the most significant
source of signal enhancement for small molecules like caffeine.

Figure 3.11 Image of concealed APCI-SAWN setup.

3.2.5 Production of Doubly Charged Ions.
The proton and charge transfer regimes from an ADI source do not lead to the formation
of multiply charged species due to Coulomb’s force.52 In fact, ionization through reagent ions then
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requires multiple consecutive processes of charge/proton transfer. Yet, the doubly charged species
dominates the spectrum while APCI was activated as seen in Figures 3.4, 3.6, and 3.7. Thus, in
addition to the reagent ion species that can improve the charging efficiency, the corona discharge
also provides an additional ionization mechanism. In contrast, the use of APCI after an ESI source
usually reduces the charges from the ionic species.53 However, the mostly-neutral, fine droplets
generated by the SAWN may behave differently than those that are charged.
Further investigations with Peptide-1 and Peptide-2 implied a dependency of the chargestate distribution upon the type of analyte. The ratio between singly to doubly charge ions changes
from 25% to 10% while incorporating an additional lysine (as an additional site for protonation)
in the peptide backbone between Peptide-1 and Peptide-2. Meanwhile, Peptide-1 with two lysines
resulted in a mass spectrum highly similar to an ESI source. Both mass spectra exhibited singly
charged ion signal at 25% of the doubly charged. In contrast, the ESI mass spectrum of Peptide-2
(cf. Figure 3.10) with three lysines exhibits singly charged ion signal at 2.7% of the doubly charged,
which is notably smaller than the 10% observed with SAWN-APCI. We speculate that the charge
residue mechanism is responsible for the doubly charged species.54 The fine droplet produced by
SAWN enters the APCI discharge region acquiring multiple charges due to its size while sustained
in the corona plasma. During the desolvation, left-over charges bond to the binding site of the
peptides similar to ESI processes. Unlike the Taylor cone region during electrospray, where the
Rayleigh limit allows more charges per droplet,55 the interaction between the fine droplets and the
corona plasma may be largely constrained by Coulomb’s law. Experimentally, this difference can
be appreciated by the observation of the triply protonated Peptide-2 in a conventional ESI source
(cf. Figure 3.12) while arguably no triply charged ions were detected with SAWN-APCI (cf. Figure
3.10).
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Figure 3.12 Peptide-2 mass spectrum obtained with an ESI source.

3.3 Conclusion.
The SAWN-APCI method generally proved to enhance ionization efficiency over SAWN
alone for the analytes studied in the present work. The method also appeared to expand the
applicable range of APCI towards large molecules, which can further enable simple and quick
analysis of biomolecule-containing samples with high throughput. Both APCI and SAWN, each
known as soft ionization approaches in themselves, retain this gentle behavior when combined.
Similar to ESI, we also observed intact molecular ions as well as some with multiple charges.
However, the mass spectra acquired through the APCI-SAWN approach is not fully comparable
with that of an ESI. Despite the polarities of the analytes studied, signal enhancements were
observed through activating the APCI when it is coupled to SAWN. Thus, this method inherits the
advantage of APCI in terms of analyzing samples independent of their polarity. Therefore,
applications may include hydrocarbon and polymer analyses for which ESI may not be amenable.
Further investigations of different analytes, such as large non-polar molecules, will be included in
future works.
The nature of the enhancement may be the result of leveraging effective means to both
desorption and ionization as distinct processes. Neutrals efficiently brought into the gas phase by
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SAWN are also efficiently ionized by APCI. For SAWN desorption, the production of numerous
sub-micron particles likely promotes evaporation due to the Kelvin curvature effect. Meanwhile,
our investigations towards the mechanism of APCI enhancement suggested that both the discharge
itself and the reagent ions enhanced the ion signal simultaneously. In particular, the corona
discharge region might be where multiple charging occurs. Future studies regarding the chargestate distribution from SAWN-APCI relying upon molecular structure (e.g., proton-binding sites)
may reveal the thermal dynamic and kinetic natures of gas-phase ion-molecule/droplet interaction.
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Chapter 4 - Inexpensive Ultrasonic Nebulization Coupled with Direct-Current Corona
Discharge Ionization Mass Spectrometry for Liquid Samples and Its Fundamental
Investigations
4.1 Introduction
Developments in ambient desorption/ionization mass spectrometry (ADI-MS) aim to
simplify and/or minimize sample preparation1,2 wherein the key concept involves the simultaneous
desorption of analytes from a native composition and the subsequent production of signature ions.
Although various ADI-MS sources have been described, few techniques have been applied
towards the analysis of antibiotics in the food and beverage industry. The oldest and most common
methods found in the literature are desorption electrospray ionization (DESI)3 and direct analysis
in real time (DART).4–6 Complex milk or beverage samples can be tested on dried paper or other
surface.7 While examination of dried spots of paper is a feasible approach for high throughput
analysis, it remains challenging when real-time sampling of fluids is desired. With the examples
shown above, the development of these methods requires the fundamental first-step of any massspectrometric analysis, i.e. converting the analytes in their native composition into detectable gasphase ions. Demonstrating effective sample introduction, especially from a complicated sample
matrix such as milk, remains challenging.8,9
In addition to the desorption approach, charged species may be released from fine and
ultrafine droplets by nebulization processes. For example, surface acoustic wave nebulization
(SAWN) has been reported as a standalone ionization source for a number of MS-based
analyses.10–14 Unfortunately, acoustic nebulization sources, such as SAWN and sonic spray
ionization, often result in low ionization efficiency, several orders of magnitude lower than that of
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electrospray ionization (ESI).12 When a relatively large quantity of ions is needed (e.g., for tandem
MS or MSn), acoustic nebulization ionization methods may no longer be suitable. Thus,
modifications and combinations of ultrasound-based nebulization methods with orthogonal
ionization approaches were often used to improve the ionization efficiency. For instance, an array
of micromachined ultrasonic electrospray (AMUSE) sources took advantage of conventional ESI
and ultrasound-based nebulization.15,16 Meanwhile, combining external ionization methods with
the simple modification of an ultrasound-based nebulizer was reported as another alternative, such
as extractive electrospray ionization (EESI).17 In addition to ESI, atmospheric pressure chemical
ionization (APCI) was also employed to couple with other techniques, such as APCI combined
with laser-induced desorption.18
We reported on a method we previously termed “SAWN-APCI” which coupled a SAWN
device with the corona discharge (CD) needle from an APCI source.19 We observed a high overall
ionization intensity comparable to that of an ESI source and orders-of-magnitude increased signal
over SAWN by itself. Possible explanations include efficient nebulization and subsequent APCI
as well as droplet charging due to the strong electric field of the CD. Whatever mechanisms are in
play, the coupling leads to high ionization efficiencies for both peptides and polyaromatic
hydrocarbons, which are often exclusively analyzed by ESI or APCI, respectively. Therefore,
“SAWN-APCI,” which may be more appropriately termed “SAWN-CD,” suggested a potential
ionization source that was inherently broadband, i.e. irrespective of analyte polarity that usually
dictates either an ESI or on APCI source. However, widespread implementation of a SAWN-CD
ionization source may be limited by the complexity and high cost of the SAWN chips themselves
which require specialized fabrication. Conveniently, piezoelectric materials such as those used in
home humidifiers, are widely commercially available and may serve as an inexpensive alternative
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for acoustic nebulization. Thus, in place of the SAWN element, we explored the use of a
piezoelectric-based ultrasonic nebulizer (USN) in combination with CD as a potential ADI source
with a low cost to implementation.
Unlike SAWN, which utilizes surface acoustic wave (SAW), USN employs a bulk acoustic
wave (BAW), where the sound wave irradiates along the principle axis of the material. In either
case of surface acoustic wave (SAW) or bulk acoustic wave (BAW), the fundamental principle of
nebulization is transferring the acoustic energy into the sample-containing liquid droplet that is
applied on the chip surface.20,21 The differences between the two approaches is the travelling
direction of the acoustic wave. In the case of SAW, a longitudinal wave travels parallel to the chip
surface, whereas, in BAW, the sound wave travels perpendicular to the chip surface. Despite the
difference in terms of wave-travelling, the nebulization process is driven by transferring the
acoustic energy into the liquid. When the acoustic energy coupled into the liquid exceeds the
cavitation threshold, the drastic phase change, i.e. collapse of cavitation bubbles, results in aerosol
formation, namely, nebulization. Although both approaches share common features in nebulization,
the differences in operating parameters lead to dissimilar aerosol properties, such as particle sizedistribution12 and analyte internal energies.13
In the present work, we first tested the ultrasonic nebulizer coupled with CD towards a
potential real-life application. For example, for a survey of industry compliance, antibiotic residues
in milk are analyzed with traditional LC-MS/MS methods.22 We studied deproteined milk with
minimal pretreatment to demonstrate rapid mass-spectrometric detection of two spiked antibiotics,
ampicillin and ciprofloxacin. Furthermore, we attempted to obtain a quantitative understanding of
the ultrasonic nebulization and SAWN processes by conducting a thermometer ion study. We
specifically measured the survival yield (SY) of 4-nitro benzylpyridinium ions to gauge the

82

ionization “softness”.23 In this manner, we assessed comparable “softness” between the techniques
and additionally benchmark them relative to electrospray ionization.
4.2 Results and Discussion
4.2.1 Source Performance Comparison and Direct Milk Analysis.
In our previous report, the SAWN-CD method typically showed improvement in ionization
efficiency by three orders of magnitude over SAWN alone.19 As an initial test of USN performance,
1 µg/mL caffeine with a continuous liquid feed was investigated with SAWN and USN, with and
without CD employed (cf. Figure 4.1). Caffeine signal exhibits similar responses for the nebulizers
alone (~102) and enhanced (~105 for USN-CD and ~106 for SAWN-CD), suggesting USN-CD
equivalence to SAWN-CD. Furthermore, USN-CD signal was also comparable in magnitude to
the ESI source. Similar improved ionization from USN to USN-CD was observed for the nonpolar compound perylene. Curiously, in Figure 4.2, the USN-CD spectrum is dominated by MH+
while, in the literature, APCI spectra of perylene and other PAHs typically produce base peaks of
primarily M+•.26–28Nevertheless, the combination of the ultrasonic nebulization and APCI hints at
an inexpensive alternative for SAWN-CD with potentially broader capabilities than standard ESI.
Hence, we proceeded to examine a prototypical application using USN-CD to screen for antibiotics
present in milk samples.
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Figure 4.1 Protonated caffeine (MH+) obtained from different nebulization/ionization
approaches. The “USN” stands for “ultrasonic nebulization”. Note that the y-axis is in a
logarithmic scale. The inlet capillary temperature was maintained at 200°C.

Figure 4.2 Mass spectra of 20 ppm Perylene with (a) SAWN (b) SAWN+CD (c) USN (d)
USN+CD
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Two different antibiotic drugs (ampicillin and ciprofloxacin) were tested separately in
simple solutions and further compared with SAWN-CD. Ampicillin (cf. Figure 4.3) is administered
to food-producing animals both therapeutically and prophylactically. The Pasteurized Milk
Ordinance currently only requires bulk milk pickup tankers to be tested for the presence of at least
four out of six specific β-lactam drugs (10-ppb tolerance for ampicillin).22 A “harder” ionization
method may result in the loss of the amino group (-NH2). Upon closer inspection of the mass
spectra, for analysis by only SAWN or USN (i.e. without CD), the base peak is the protonated
molecular ion (m/z 350); the sodium adduct of ampicillin was also detected. In contrast, the mass
spectra recorded with the SAWN-CD and USN-CD reflect the same intensity of the ESI source (cf.
Figure 4.4) for the pseudo-molecular ion signals of MH+ which are enhanced by four-orders of
magnitude over the corresponding nebulizer methods alone. In this case, the enhanced ion signal
of USN-CD is ~2.5 times greater than that of SAWN-CD. Intriguingly, some fragmentation (m/z
333) appears only in the case of SAWN but neither in the case of USN, nor that of ESI.

Figure 4.3 Mass spectra of 10 ppm ampicillin recorded with the LTQ, where a) b) c) and d) refer
to SAWN, SAWN-CD, nebulizer, and nebulizer-CD, respectively. The mass analyzer used here
is the unit-resolution linear ion trap. The y-axis unit “cps” represents “counts per second”. The
detected species are recognized as follows: [M-NH3]+ at m/z 333, MH+ at m/z 350, and [M+Na]+
at m/z 372.
85

Figure 4.4 Mass spectrum of ampicillin using the conventional ESI source.

Whereas ampicillin testing is common, ciprofloxacin testing is still emerging. The presence
of ciprofloxacin in drug residues derived from deproteined milk suggests illegal and extra-label
use of a fluoroquinolone (enrofloxacin or ciprofloxacin).22 Experimentally, ciprofloxacin was
ionized with all nebulization methods (cf. Figure 4.5) and does not produce a signature fragment.
The protonated molecular ion at m/z 332 was shown as the base peak in all mass spectra and the
signal enhancement of USN-CD is one-order of magnitude higher than that of SAWN-CD.
Interestingly, sodium adduction appears to be suppressed with CD.
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Figure 4.5 Mass spectra of 10-ppm ciprofloxacin with a) SAWN, b) SAWN+APCI, c) ultrasonic
nebulizer, and d) ultrasonic nebulizer-APCI. The mass analyzer used here is the unit-resolution
linear ion trap. The y-axis unit “cps” represents “counts per second”. The detected species are
recognized as follows: MH+ at m/z 332, and [M+Na]+ at m/z 354.

To demonstrate the quantitative capability of the USN-CD method in the complex target
matrix, the deproteined milk solutions were diluted 1:1 with the individual drugs at varying
concentrations. Instead of continuous sample feeding, the sample was introduced in a single-shot
fashion. Specifically, a microliter pipette was used to dispense 0.5 μL of antibiotic-spiked
deproteined milk on to the surface of the ultrasonic nebulizer. Within 10 s, the liquid sample on
the nebulizer surface was completely nebulized. A negative control comprising 0.5-uL droplets of
unspiked milk confirmed that the target analyte peaks were not observed. Following this, a
calibration curve for each compound was constructed with the four spiked milk samples in a serial
fashion. The drug signals were monitored by tracking the m/z 350.1166 for ampicillin and m/z
332.1401 for ciprofloxacin (cf. Figure 4.6). Notably, it took only ca. 5 min to perform all five
measurements, including applying the sample and cleaning the nebulizer surface between each
measurement. The response exhibited a linear relationship up to 500 ppb for ciprofloxacin

87

(R2=0.9975) and up to 250 ppb for ampicillin (R2=0.9997). Detection limits were determined to
be 4.0 ppb for ciprofloxacin, and 5.6 ppb for ampicillin.
Subsequently, a processed milk sample was spiked with both antibiotic drugs at 100 ppm
(or 100 µg/mL) each. During this process, the total amount of antibiotics being determined was
approximately 150 pmol. The corresponding mass spectrum of the analysis showed identifiable
antibiotics peaks (cf. Figure 4.7). The ion-signal ratio between ampicillin and ciprofloxacin (4.4:1)
suggests an ionization matrix effect that may be an important factor to consider during complex
sample analysis. Additionally, the base peak and other peaks between m/z 550 to 750 might stem
from unknown background (such as metabolites) within the deproteined milk sample but no further
identifications on those mass-spectral peaks were performed.

Figure 4.6 Calibration curve of antibiotics. a) ampicillin b) ciprofloxacin. Note that the
calibration curve is done with single drug.
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Figure 4.7 Mass spectrum of milk spiked with 100 µg/mL antibiotic drugs. The Orbitrap was
used as the mass analyzer to record this mass spectrum. The mass spectrum was a 10-s average at
which the peaks of interests were observed.

Anecdotally, we noticed heat generated from the USN could potentially decompose
fragile target analytes which warranted a characterization of USN-CD “softness.” A thorough
study of the internal energy deposition by SAWN alone had been conducted by Huang et al. in
2012.13 In that study, a common ion survival yield method was employed to compare internal
energy deposition in which survival yields from SAWN were higher than those from ESI,
suggesting that SAWN was relatively softer. Therefore, we could extrapolate these studies to
contrast the potential added internal energy from the combined acoustic nebulizer-CD processes
relative to ESI.
4.2.2 Analytical Performance from a Kinetic Perspective.
Our current interpretation of the underlying processes of SAWN-CD and USN-CD may
include nominal mechanisms of APCI. As-is however, USN-CD and SAWN-CD do not present
convincing evidence of strictly APCI processes. As stated earlier for instance, perylene’s CDenabled spectra do not match the reported literature with regard to the molecular ion, i.e. [M+H]+
instead of M+. In another example, USN-CD elicits dominant molecular ion signal for doubly
charged angiotensin II (cf. Figure 4.8) but coulombic repulsions would presumably discourage the
+2-charge state by successive APCI proton transfer reactions. We are unable to affirm or quantify
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the contribution of APCI, but such qualitative evidence can possibly be explained by ESI-like
ionization29,30 mechanisms concerning CD-droplet interactions of fine droplets. For simplicity,
we limit subsequent investigation of the ionization softness to USN and SAWN methods only
relative to ESI.

Figure 4.8 Mass spectra of angiotensin II with USN, a), and USN-CD, b), methods. The solid red
traces are the recorded mass spectra. The solid blue bars are the simulated spectra for each
corresponding ion. Note that the x-axes in both a) and b) are segmented to gain better visibility
of each individual ion. The spectra were recorded in full mass ranging from 300-1200 Th.

The

hardness and softness of a desorption/ionization process usually refers to the

abundance of intact molecular ions compared to the analyte fragments. To compare the softness
90

between the ionization methods involved in this work, the ratio between ion signals of the
precursor ion and the sum of precursor and fragment ions were used as a benchmark. As has been
commonly used in the literature,

the softness (or hardness) of the ionization process is

quantitatively assessed via survival yield (SY) given by13,24,31:
𝑆𝑌 =

𝑆𝑝𝑎𝑟𝑒𝑛𝑡
× 100%
∑ 𝑆𝑝𝑎𝑟𝑒𝑛𝑡 + ∑ 𝑆𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡

(1)

where Sparent and Sfragment are the mass-spectral signals for the parent ion that represent the molecule,
and each individual fragment ion, respectively. The summation symbol refers to the summed ion
signal contributed from all attributable fragment signals. For simplicity, we focused on the system
of nitrobenzylpyridinium specifically because it has already been well studied as a “thermometer”
most recently in 2017 by Carpenter et al.32 In Figure 4.10, we use collision-induced dissociation
(CID) to first confirm our expected fragments attributable to the parent according to Figure 4.11.
Two competing pathways from the parent ion m/z 215 (M+) yield terminal fragment m/z 169 ([M46]+ from loss of NO2) and m/z 136 ([M-79]+ from loss of Py) which then further fragments to m/z
106 or m/z 78, presumably dictated by the kinetics of the experiment. As such, m/z 78, 106, 136,
and 169 together comprise the total fragment signal, Sfragment and m/z 215 solely comprises the
parent signal, Sparent in the SY calculation from equation 1
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Figure 4.9 Mass spectra of pNO2-benzylpyridinium ion and loss of pyridine. The molecular ion
and a fragment ion are shown on each panel for the loss of pyridine as a neutral compound
obtained by surface acoustic wave nebulization(a), (b), (c), ultrasonic nebulizer (d), (e), (f) and
electrospray ionization (g), (h), (i) at increasing temperatures measured on the temperatures
measured on the same capillary of an atmospheric pressure ionization inlet mass spectrometer at
225°C (a), (d), (g), 300°C (b), (e), (h), and 375°C (c), (f), (i)

Figure 4.10 Tandem mass spectra (CID) of the thermometer ion.
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Figure 4.11 Fragmentation pathway of the thermometer ion.

To systematically compare the ionization softness of different methods (i.e. ESI, USN,
USN-CD, SAWN, and SAWN-CD), we determined SY according to Eq. 1 at increasing
temperatures of the heated MS inlet capillary. As plotted in Figure 4.12, we increment the total
applied internal energy such that the temperatures characterizing fragmentation onset allow us to
gauge relative energy deposition. Experimentally, the fragment ions were detected even at the
lowest capillary temperature for ESI (cf. Figure 4.12, solid red circle). In contrast, other ionization
methods used in this study tend to resist fragmentation with increasing temperature until 250°C
(cf. Figure 4.12). Interestingly, the ultrasonic nebulizer alone shows almost no change throughout
the temperature range (cf. Figure 4.12, blue hollow square). In comparison, when SAWN was used
alone, the SY began to decrease ~275°C (cf. Figure 4.12, green hollow triangle). This observation
may be related to the droplet size. As the mean droplet diameter produced during nebulization is
strongly related to the operating frequency of the nebulizer, the 2.5 MHz resonance frequency of
the USN is significantly lower than that of the SAWN, i.e. ~9.6 Mhz. Consequently, the mean
droplet diameters from these methods differ by a factor of ~2.4 (~600 nm for USN, ~300 nm for
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SAWN).19,33 Greater droplet diameter corresponds to more solvent content per droplet (a factor of
8 in this case) and greater phase-transition enthalpy, i.e. heat required for desolvation which
effectively imparts thermal resistance. In other words, the solvent within the droplets absorbs and
consumes the energy from the radiative energy transfer, and prevents the molecular analyte from
being fragmented.

Figure 4.12 SY as a function of inlet capillary temperature for 4-nitro-BzPy with various
ionization methods at the same sample feeding rate. The red circle, blue hollow square, blue
solid square, green hollow triangle, green solid triangle refer to ESI, ultrasonic nebulizer,
nebulizer-APCI, SAWN and SAWN-APCI, respectively. The color code and marker style will
remain the same throughout this work to avoid confusion. The dashed lines are fitted sigmoid
functions of the response curves for each of the different ionization methods.
For the thermometer ion signal intensity, while acoustic ionization was rather poor with
only a simple static distribution of charges,34 adding CD again dramatically boosted ion signals on
par with ESI (cf. Figure 4.13). In terms of SY, for both SAWN-CD and USN-CD, fragmentation
onset temperatures still lagged that of ESI suggesting a generally softer ionization process when
combining acoustic nebulization and CD. However, the SY for USN-CD started to decrease at
notably lower temperatures than for SAWN-CD (cf. Figure 4.12, blue solid square and green solid
triangle). A droplet electrospray phenomena may help explain signal enhancement as well as the
shift of the SY response function towards lower temperatures.30 That is, droplets interacting with
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a corona plasma may split into smaller charged droplets, as in Rayleigh fission.29 Consequently,
the number of detectable ions increases resulting in enhanced analyte ion signal. Meanwhile, the
decrease in droplet sizes reduces the heat resistance, where the SY as a function of temperature,
shifts towards lower ranges.

Figure 4.13 Temperature-averaged summed ion signal of BzPy+ for different ionization methods
at continuous mode (60s averaged).

Therefore, though the SY of USN-CD decreased to lower temperatures than SAWN-CD,
USN-CD still exhibits appreciable heat resistance. Extending the above hypothesis, the larger
droplets generated by USN may promote the ESI-like ionization pathway when CD is engaged. In
this case, instead of SY, the intact molecular ion signal (cf. Figure 4.14a) should exhibit a certain
feature: the ion signal of M+ increasing as the capillary temperature rises due to desolvation until
fragmentation begins to dominate. We experimentally observe this maximum in cases of SAWNCD, SAWN alone, and USN alone (cf. Figure 4.14a, solid green trace, dashed green, and dashed
blue traces, respectively). Unfortunately, the increasing regions for ESI or USN-CD were not
observed in the temperature interval selected in this work (cf. Figure 4.14a, solid red and solid blue
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traces, respectively). Specifically, the shifts in the maxima for different ionization approaches
suggests a relative relation of droplet diameters before entering the mass spectrometer, i.e.
dUSN >dSAWN >dSAWN-CD >dUSN-CD ≥dESI.
The temperature dependence of the terminal ions of each primary fragmentation pathway
are depicted in Figure 4.14b (NO2 loss pathway) and Figure 4.14c (Py loss pathway). In contrast
to the molecular ion at m/z 215 that exhibited rising and falling edges, the fragments monotonically
increase with temperature. Although the temperature responses for different ionization methods
deviate from the fitted curve in both cases (cf. Figure 4.14b, c, white trace), the production of the
two types of fragments strongly correlates with the capillary temperature. Assuming the travel time
of the droplets in the inlet capillary is sufficiently long, the temperatures of the droplets from either
ionization method are ultimately the same, but that the time each droplet (ion) spends at this
terminal temperature depends on the initial droplet size entering the mass spectrometer inlet.
As preservation of the intact molecular species is often desirable, a temperature that is sufficiently
high for efficient desolvation and prevents fragmentation is preferred. Thus, tuning the capillary
temperature with respect to the USN-based ionization source is rather important. Alternatively, the
1st-stage CID can be applied in order to break analyte clusters rather than significantly reducing
the molecular ion content (cf. Figure 4.15). The signals of m/z 215 from different ionization
approaches with respect to the 1st-stage collision energy were not stable, especially the ones with
the nebulization methods (cf. Figure 4.13). In the present work, we did not deduct the exact reason
for this phenomenon. However, one aspect in common for the two nebulization methods was the
large amount of neutral species and solvent being introduced along with the analyte. Due to the
low vacuum environment where the 1st stage CID occurs, violent collisions between these particles
may not be well defined.
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Figure 4.14 Ion signals of molecular and fragment ions as functions of inlet-capillary
temperature. The color coding in this figure is the same as Figure 6. a), b), and c) correspond to
the ion signals of BzPy+, BnPy+, and final fragments. The final fragments include ions at m/z 106
and m/z 78. The solid red trace and circle in a), b), and c) represent the ions stemming from the
ESI source. The white dashed lines in b) and c) represent the fitted curves for all data points
within a subfigure. The gray gradients in b) and c) are the corresponding confidence gradients for
the fitted curves.
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Figure 4.15 Response function with respect to 1st-stage CID energy of m/z 215 of different
ionization approaches.

4.3 Conclusion.
Analogous orders-of-magnitude signal enhancements were observed for USN-CD over the
methods comprised of the USN alone and perceived comparable to ESI. Similar to SAWN-CD,
USN-CD may potentially serve as a universal ionization tool because it is capable of ionizing both
non-polar and polar molecules and even biomolecules such as peptides. However, USN-CD is
based on an alternative piezoelectric component that is inexpensive and widely commercially
available. In a nominal application, we demonstrated the capability of USN-CD to enable rapid
screening of deproteined milk spiked with two antibiotic drugs. We subsequently conducted an
investigation of both acoustic nebulization-CD-based methods to establish their perceived
“softness” relative to ESI. Towards a universal ionization source, characterization of the USN-CD
method suggests that ion source tuning parameters may permit even softer energy deposition than
ESI.
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Chapter 5 - Simple and Rapid Analyte-Ion Discriminations through Corona-DischargeCoupled Ultrasonic Nebulization for Mass Spectrometric Analytes
5.1 Introduction
Analyte separation, in terms of mass spectrometry (MS), is often critical towards complex
sample analyses. Commonly used chromatographic separations (e.g., gas and liquid
chromatographies) can, ideally, redistribute analytes in space and time, which allow analytes to be
ionized and detected in a sequential fashion. With the analyte-specific retention time (RT), singleanalyte mass spectra can be obtained, which exhibit superior advantages for analyte
identifications.1-2 Practically, the chromatographic capacity or separation methods may not be able
to well separate all analytes. In such cases, the co-elution of many analytes needs to be considered.3
One method to differentiate analytes that temporally overlap is to exploit the structure of ion
chronograms.4-8 In specific, if chronograms exhibit similar morphological features, these ions
likely stem from the same chemical origin. In addition to RT, the morphological features of
chronograms can further differentiate concomitant species.4 In fact, RT is one of many
morphological features of chronograms. Instead of solely using RT at maximal ion signal,
grouping the ions that exhibit identical or highly similar chronogram structures appeared to be
quite efficient to produce single-analyte mass spectra.5,

9

Moreover, even without intentional

separations, if the chronograms of an analyte are sufficiently different from the rest, the ions
corresponded to it can be grouped and isolated in silico to form an analyte-specific singlecomponent mass spectrum.6

103

The more comprehensive use of chronogram structure obviates complete separations of
analytes if the primary object is to quickly recognize ions that are associated with an analyte. More
specifically, the only condition to obtain a single-component mass spectrum from a complex
sample is to induce sufficient retardations to each analyte differently. As such, analytes can be
introduced in a parallel fashion; but the experimental geometry, including sample introduction,
desorption and ionization, must be capable of influencing the ion signals with respect to each
species. For instance, an experiment with ambient desorption/ionization MS approach that
involves thermal desorption can result in different temporal profiles.6,

10

In contrast, a flow-

injection electrospray ionization (ESI) MS results in steady-state ion signals due to the continuous
mode of operation. No analyte-specific information can be obtained in the time domain if
chronograms are flat. To better probe the analyte responses, pulse-mode operation is preferred.
To retain the ease of operation and capability to handle complex samples, the ultrasonicnebulization-related methods appear to be ideal candidate for rapid and liquid samples. In our
previous work, the coupling of ultrasonic nebulization (USN) with atmospheric-pressure corona
discharge (CD) enabled the detection antibiotics from spiked and deproteined milk.11 Meanwhile,
the USN-like and USN-CD geometries can produce ESI-like mass spectra.11-12 Moreover, USN is
one of the most efficient method for the conversion of liquids into aerosols due to their high
efficiency and output rate (from hundreds of microliters11, 13 to liters14-15 per minute). In the present
work, we explore the use of the USN-CD geometry to retard chronograms in an analyte-specific
fashion. To exploit the information encoded in chronograms, an automated workflow based on a
modified cross-correlation algorithm was adapted to produce single-component mass spectra.9 The
degree of chronogram retardation with the USN-CD was first investigated by a five-analyte
mixture; single-component mass spectra were extracted for each species. This platform was further
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tested with yeast extract to mimic a non-targeted metabolomics challenge. Many metabolites were
identified through the combination of exact-mass measurements and mass-spectral library search.
5.2 Results and Discussion
The USN-CD method in this study falls into the category of direct mass spectrometric
analyses, where the sample preparation and pretreatment were minimized. Thus, the chronograms
of different analytes within a sample overlap with each other (cf. Figure 5.1). In the period of 12.613.2 s, the ultrasonic nebulizer was activated. Subsequently, arginine, caffeine, lysine, and
ferrocene within the five-component mixture were detected, except for anthracene (cf. Figure 5.2).
In this example, a total number of 649 ion peaks were detected in a time-averaged mass spectrum
throughout 1-minute recording time (cf. Figure 5.1). Among the 649 chronograms, 222 of them
exhibited signal maxima between the detection interval of 12.6 to 13.2 s. Although the
chronograms temporally overlapped during the sample introduction interval, close inspection
reviewed that the chronogram structures are different with respect to analytes. For instance, the
chronogram peak of protonated caffeine appeared to be more broadened comparing to that of
protonated L-arginine (cf. Figure 5.1, green and red traces, respectively). Meanwhile, the peak of
protonated L-arginine appeared ~0.5 s earlier than that of protonated caffeine. Distinctive features
can be observed for other example ions peaks as well (cf. Figure 5.1, blue and cyan-blue trace).
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Figure 5.1 Ion chronograms of different species. The total ion chronogram (TIC) and those of
analyte ions are shown with respect to their annotations within the figure.

Figure 5.2 Demonstration of the chronogram for anthracene radical cation. The data was
extracted from the same one that composed Figure 5.3
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Figure 5.3 Time-averaged mass spectrum between 12.6 s and 13.2 s.

With the modified cross-correlation workflow,9 the 222 chronograms that peaked within
the detection interval were categorized into 44 ion categories, 24 of which contained more than
one ions. Because of the known chemical context, the accurate masses of expected ion were
directly searched. Analyte caffeine (cf. Figure 5.4c), ferrocene (cf. Figure 5.4b), L-arginine (cf.
Figure 5.4a) and lysine (cf. Figure 5.5) were found in category 1, 11, 15, and 16, respectively. The
ranking of the categories was based on the number-of-ions per group, because a meaningful (or
identifiable) ion category should, at very least, contain its X+1

13

C-isotopes.9 These extracted

single-component mass spectra consist the fragment ion stemming from analytes due to the 1ststage CID. Meanwhile, their X+1 and X+2

13

C-isotopes were also observed. Importantly, the

unique advantage of using the USN-CD introduction/ionization method is its ability to ESI-like
mass spectra, which allows direct mass-spectral library search for automated analyte identification.
A spectral match with Metlin library16-17 for caffeine is demonstrated here as an example (cf. Figure
5.4c). Meanwhile, the extracted single-component mass spectrum was also searched with NIST
MS Search (v 2.2); caffeine was the #1-hit with an RMatch of 852.
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Figure 5.4 Extracted single-component mass spectra for different species with 2-MHz-USN-CD.
(a), (b), and (c) are the mass spectra for L-arginine, ferrocene, and caffeine, respectively.
Identified ion peaks (not including the X+1 and X+2 isotopes) were labeled with their m/z with
existing database. The positive and negative y-axis in (c) are the experimental and database
spectra, respectively.

Figure 5.5 Extracted mass spectrum at category #16

In addition to the 2-MHz USN, an ultrasonic dental scaler that operated at 40 kHz
resonance frequency was also used to test if the retardation of chronograms can occur. Under the
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same condition (i.e. only the nebulizer was replaced), the discrimination of ions was also achieved
(cf. Figure 5.6). Comparing to the 2-MHz USN configuration, that with 40-kHz nebulizer
suggested a few differences between the two platform. Firstly, the detection period of ferrocene
radical cation with the 40-kHz nebulizer was ca. 7 s, which is comparably longer than the ca. 2-s
interval with the 2-MHz nebulizer. Secondly, protonated L-arginine was not detected with the 40kHz nebulizer under the same instrument condition.

Figure 5.6 Ion chronograms and single-component mass spectra with 40-kHz-USN-CD. The ion
chronograms of detected analytes are shown in (a). The isolated mass spectra of caffeine and
ferrocene are shown in the left and right panels of (b), respectively.

Thus far, we have demonstrated the detection and discrimination for small molecules,
which are commonly singly charged. In our previous works,11-12 the USN-CD approach was
proved to be able to ionize large molecules such as peptides to produce higher charge states (e.g.,
+2 and +3). Experimentally, it was observed that the ions stemming from the same chemical origin
but of different charge states exhibited different chronogram structures (cf. Figure 5.7). The
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production of multiply charged species at such abundances can only be attributed to the coupling
of USN to CD; only from CD, the ion signal cannot reach such a high level.12 Meanwhile, APCI
ionization scheme cannot produce multiply charged species. Thus, the production of these species
is attributed to ESI-like ionization mechanism, which is highly associated to the aerosol life cycle.
From the ion abundance, the 40-kHz USN-CD (cf. Figure 5.7b) exhibited significantly higher
ionization efficiency (nearly 2-orders of magnitude) comparing to that of the 2-MHz system (cf.
Figure 5.7a). This observation suggested that the greater aerosol size promotes the ESI-like
ionization scheme. But more importantly in terms of ion discrimination, the different chronograms
of ions that belong to the same chemical origin may not be categorized into the same group due to
their difference in ionization mechanisms. Here the discrimination factors between the doubly and
triply charged peptide (CEF-12) were 0.51 and 0.20, respectively, both of which are higher than
the threshold 0.13. Thus, in this case, the doubly and triply charged ions won’t be categorized into
the same group even they stem from the same chemical species. The chronogram structure reflects
analyte physiochemical property; in the meanwhile, it contains information of the ionization
processes as well.

Figure 5.7 Differences between the USN-CD ion-chronograms of the same species with different
charge states. The blue and red traces represent the doubly triply charged peptide, CEF-12,
respectively.
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With serious considerations of the instrument parameters (e.g., capillary temperature, 1ststage fragmentation, etc.) and the possible morphological changes to chronograms due the USNCD configuration, we tested the performance with the USN-CD approach in terms of qualitative
analysis with yeast extract. Due to the high surface tension of this sample, the 40-kHz nebulizer
was used instead of the 2-MHz one because of its higher power for liquid-aerosol conversion.
During the 1-min experimental interval, 1419 ion peaks were detected in the mass range of 501000 from the time-averaged mass spectrum. Among the 549 ion categories, 50 of them contain
more than 1 peak. To assign the categories, we exploited the compatibility of mass-spectral library
search of the extracted mass spectrum from modified cross-correlation algorithm with the USNCD configuration. The 10th ion group was first identified, which showed a reasonable spectral
library search match with betaine (cf. Figure 5.8a). With the accurate mass, the peaks (in red sticks)
were assigned to the protonated betaine and its sodium adduct. However, the spectral library search
suggested that the [M+H]+ was a fragment from its precursor [2M+H]+, which was not found in
the extracted mass spectrum. Based on the possible identity of betaine, ions in other forms, e.g.,
[2M+K]+, was directly searched with its exact mass; the corresponding ion group was overlaid
with the betaine group (cf. Figure 5.8a, blue stick). A similar case was niacinamide (cf. Figure
5.8d). Form the results of spectral library match, the precursor ions were searched manually. We
located the protonated niacinamide at m/z 123.0553 (Δmm = 0.19 mTh). Thus, the 2nd ion group
(cf. Figure 5.8d) was assigned to niacinamide.
In addition to the ion groups that were identified with high certainty, the mass-spectral
library match of ion group 13 (cf. Figure 5.8) suggested that the ion peaks were related to amino
acids or oligopeptides. For this ion group, we were only able to assign the protonated alanine,
protonated proline and protonated threonine based on their accurate masses. However, if these ions
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stem from oligopeptides, the precursor lineage was not resolved in this case. One possible reason
is that different oligopeptides or peptides can result in the same fragmentation. However, each of
them should exhibit chronogram structures different from the detected species within this group
(e.g., the intact amino acids and fragments). Namely, the chronograms of the ions in this group are
superpositions of the chronograms of all possible precursors, which have their own distinctive
chronogram structure.

Figure 5.8 Example ion categories identified from yeast extract with 40-kHz USN-CD
configuration. All known peaks are labeled with accurate masses followed by the mass
difference in milli Thompson, mTh (denoted by Δmm).

A similar case was also found for the 7th ion group (cf. Figure 7c). The mass-spectral library
match of this group returned with the identity of deoxy adenosine triphosphate (dATP) with high
certainty. In fact, the first 10 hits from the spectral library search were all referred to dATP.
However, the precursor ion, dATP MH+, was not found even with accurate mass. Meanwhile, the
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deoxy adenosine diphosphate (dADP) and deoxy adenosine monophosphate (dAMP) exhibit the
same fragmentation pattern. Thus, the extracted single-component spectra of the 7th ion group can
only be assigned to dATP-related species, but its true identity cannot be confirmed.
5.3 Conclusion
The convenience of USN-CD allowed determination of analytes within a mixture through
the concept of direct mass-spectrometric analyses. In addition to the chemical information
reflected in the m/z domain, the chronogram structures dictated by the analyte nebulization,
ionization. subsequent desolvation and ion transfer enabled rapid analyte discrimination within a
1 min experimental.
This rather simple experimental geometry, however, involves quite complicated kinetics.
From the nebulization, aerosol-size-related kinetics can favor the production of multiply charged
ions. However, the different kinetic processes caused the chronogram structures to be different
even if the ions stem from the same chemical origin. With the east of experiments, complicated
data analysis methods need to be involved. In this study, we used the modified cross-correlation
algorithm to automatically categorize the ions into different groups based on their chronogram
structures. For a simple system, such as the five-component mixture, the analyte identification can
be of high certainty, but not for complicated chemical system such as the yeast extract.
The 1st-stage CID was initially activated for declustering to improve the ion detection
efficiency. It accidentally produced fragment ions, which enabled analyte identifications through
mass-spectral library search with tandem MS libraries. Although the tandem mass spectra can
improve the certainty of analyte identifications, the unresolved precursor lineage can be
problematic to find the true identity of a species. A future work using the concept of shotgun
metabolomics/proteomics may be an alternative strategy to address more complicated system.
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At this stage, the USN-CD exhibited its potential towards complicated samples. It is not
yet a replacement for conventional chromatography-coupled MS. However, it can serve as a quick
and easy option for more efficient method development for a specific chemical system by
obtaining its rough chemical context.
5.4 References
(1)

Snyder, L. R.; Kirkland, J. J.; Dolan, J. W., Introduction to modern liquid chromatography.
John Wiley & Sons: 2011.

(2)

Niessen, W. M., Liquid chromatography-mass spectrometry. CRC press: 2006.

(3)

Remane, D.; Meyer, M. R.; Wissenbach, D. K.; Maurer, H. H., Ion suppression and
enhancement effects of co‐eluting analytes in multi‐analyte approaches: systematic
investigation using ultra‐high‐performance liquid chromatography/mass spectrometry with
atmospheric‐pressure chemical ionization or electrospray ionization. Rapid
Communications in Mass Spectrometry 2010, 24 (21), 3103-3108.

(4)

Purvine, S.; Eppel*, J. T.; Yi, E. C.; Goodlett, D. R., Shotgun collision‐induced dissociation
of peptides using a time of flight mass analyzer. Proteomics 2003, 3 (6), 847-850.

(5)

Broeckling, C. D.; Afsar, F.; Neumann, S.; Ben-Hur, A.; Prenni, J., RAMClust: a novel
feature clustering method enables spectral-matching-based annotation for metabolomics
data. Analytical chemistry 2014, 86 (14), 6812-6817.

(6)

You, Y.; Badal, S. P.; Shelley, J. T., Automatic analyte-ion recognition and background
removal for ambient mass-spectrometric data based on cross-correlation. Journal of The
American Society for Mass Spectrometry 2019, 30 (9), 1720-1732.

(7)

van Stokkum, I. H.; Mullen, K. M.; Mihaleva, V. V., Global analysis of multiple gas
chromatography–mass spectrometry (GC/MS) data sets: a method for resolution of coeluting components with comparison to MCR-ALS. Chemometrics and Intelligent
Laboratory Systems 2009, 95 (2), 150-163.

(8)

Demir, C.; Hindmarch, P.; Brereton, R. G., Deconvolution of a three-component co-eluting
peak cluster in gas chromatography-mass spectrometry. Analyst 2000, 125 (2), 287-292.

(9)

You, Y., Unpublished work. 2020.

(10)

Zhou, M.; Guan, W.; Walker, L. D.; Mezencev, R.; Benigno, B. B.; Gray, A.; Fernández,
F. M.; McDonald, J. F., Rapid mass spectrometric metabolic profiling of blood sera detects
ovarian cancer with high accuracy. Cancer Epidemiology and Prevention Biomarkers 2010,
19 (9), 2262-2271.
114

(11)

Song, L.; You, Y.; Rapalo Perdomo, N.; Evans-Nguyen, T., An Inexpensive Ultrasonic
Nebulization Coupled with Direct-Current Corona-Discharge Ionization Mass
Spectrometry for Liquid Samples and Its Fundamental Investigations. Analytical
Chemistry 2020.

(12)

Song, L.; You, Y.; Evans-Nguyen, T., Surface acoustic wave nebulization with
atmospheric-pressure chemical ionization for enhanced ion signal. Analytical chemistry
2018, 91 (1), 912-918.

(13)

Gessler, T.; Schmehl, T.; Hoeper, M.; Rose, F.; Ghofrani, H.; Olschewski, H.; Grimminger,
F.; Seeger, W., Ultrasonic versus jet nebulization of iloprost in severe pulmonary
hypertension. European Respiratory Journal 2001, 17 (1), 14-19.
Gammelgaard, B.; Jøns, O., Comparison of an ultrasonic nebulizer with a cross-flow
nebulizer for selenium speciation by ion-chromatography and inductively coupled plasma
mass spectrometry. Journal of Analytical Atomic Spectrometry 2000, 15 (5), 499-506.

(14)

(15)

Fassel, V. A.; Bear, B. R., Ultrasonic nebulization of liquid samples for analytical
inductively coupled plasma-atomic spectroscopy: an update. Spectrochimica Acta Part B:
Atomic Spectroscopy 1986, 41 (10), 1089-1113.

(16)

Smith, C. A.; O'Maille, G.; Want, E. J.; Qin, C.; Trauger, S. A.; Brandon, T. R.; Custodio,
D. E.; Abagyan, R.; Siuzdak, G., METLIN: a metabolite mass spectral database.
Therapeutic drug monitoring 2005, 27 (6), 747-751.

(17)

METLIN; mass spectrum; METLIN ID 1455; https://metlin.scripps.edu/ (accessed July 01,
2020).

(18)

Kim, O. V.; Dunn, P. F., Controlled production of droplets by in-flight electrospraying.
Langmuir 2010, 26 (20), 15807-15813.

115

